Physiological Approaches To An Improved Understanding Of Waterlogging Tolerance In Cotton by Ullah, Najeeb
Copyright and use of this thesis
This thesis must be used in accordance with the 
provisions of the Copyright Act 1968.
Reproduction of material protected by copyright 
may be an infringement of copyright and 
copyright owners may be entitled to take 
legal action against persons who infringe their 
copyright.
Section 51 (2) of the Copyright Act permits 
an authorized officer of a university library or 
archives to provide a copy (by communication 
or otherwise) of an unpublished thesis kept in 
the library or archives, to a person who satisfies 
the authorized officer that he or she requires 
the reproduction for the purposes of research 
or study. 
The Copyright Act grants the creator of a work 
a number of moral rights, specifically the right of 
attribution, the right against false attribution and 
the right of integrity. 
You may infringe the author’s moral rights if you:
-  fail to acknowledge the author of this thesis if 
you quote sections from the work 
- attribute this thesis to another author 
-  subject this thesis to derogatory treatment 
which may prejudice the author’s reputation
For further information contact the 
University’s Copyright Service.
sydney.edu.au/copyright
I 
 
 
PHYSIOLOGICAL APPROACHES TO AN IMPROVED 
UNDERSTANDING OF WATERLOGGING TOLERANCE IN COTTON  
 
  
 
 
 
By 
Najeeb Ullah 
Master of Agriculture (Crop Science) 
College of Agriculture and Biotechnology, 
Zhejiang University, PR China 
 
 
 
 
 
 
A thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
Faculty of Agriculture and Environment 
The University of Sydney 
December, 2015 
  
II 
 
CERTIFICATE OF AUTHORSHIP/ORGINALITY 
I certify that the material of this thesis has not been previously submitted as part of the 
requirements of a degree or diploma in any other University, except as fully acknowledged 
within the text.  
This thesis contains no copied phrases of material previously published or written by any other 
person except where due reference. In addition, I certify that all information sources and 
literature used are indicated in the thesis. 
 
 
Najeeb Ullah 
 
 
 
  
III 
 
ABSTRACT  
Climatic variability, typified by erratic heavy-rainfall events, causes waterlogging in intensively 
irrigated crops and is exacerbated when crops are grown under warm temperature regimes on 
soils with poor internal drainage. Irrigated cotton is often grown in precisely these conditions 
around the world, exposing it to waterlogging-induced yield losses after substantial summer 
rainfall. This requires a deeper understanding of the basis of waterlogging tolerance and its 
relevance to cotton. The yield penalty depends on soil type, phenological stage and the 
cumulative period of root exposure to air-filled porosities below 10%. Events in the soil include 
O2 deficiency in the root zone, which changes the redox state of nutrients, making them 
unavailable (e.g. nitrogen) or potentially toxic (e.g. manganese) for plants. Furthermore, root-
derived hormones that are transported through the xylem have long been associated with oxygen 
deficits. These belowground effects (impaired root growth, nutrient uptake and transport, 
hormonal signalling) have impacts in the shoots, interfering with canopy development, 
photosynthesis (Pn) and radiation use efficiency. Compared with the more waterlogging tolerant 
cereals, cotton does not have identified adaptations to waterlogging in the root zone, forming no 
conspicuous root aerenchyma and having low fermentative activity. These factors contribute 
substantially to the sensitivity of cotton to sustained periods of waterlogging. Despite significant 
advances in cotton production systems, limited efforts have been made to improve cotton 
performance in waterlogged soils. Management practices such as soil aeration, scheduling 
irrigation and fertiliser application are practiced to reduce waterlogging damage. However, little 
information is available on physiological responses of cotton to waterlogging. Cotton plants 
respond to a variety of stresses through a complex signalling network of hormones. 
Understanding the biosynthesis and regulation of these hormones (e.g. ethylene) in cotton tissue 
offers an opportunity to modulate cotton performance under stressful environments. The central 
research question was: can waterlogging-induced yield losses in cotton be minimised by 
modulating key physiological processes? This thesis aims to investigate the physiological 
mechanisms of waterlogging damage to cotton and devise targets for increased waterlogging 
tolerance.   
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Since heavy rainfall events are often associated with cloudy conditions, restricting light 
availability to waterlogged (WL) cotton, it was hypothesised that shade would amplify yield 
losses in WL cotton. The initial field studies investigated how conditions of low incident light 
(i.e. shade) can modify the growth and yield of cotton crops experiencing waterlogging. The 
objective of these experiments was to study physiological mechanisms of waterlogging- and 
shade-induced damage to cotton. Either early or late in the reproductive phase, the crop was 
waterlogged (96 h and 120 h, in 2012-13 and 2013-14 cotton seasons, respectively) and/or 
shaded (6 d or 9 d in 2012-13 and 2013-14, respectively). Waterlogging at the early reproductive 
phase significantly reduced lint yield (17% averaged across both seasons) of cotton, although 
shade-induced yield losses (18%) were only significant in 2013-14. Shade significantly 
exacerbated yield losses under moderate waterlogging only, when the impact of waterlogging 
damage was modest (2013-14). More intense waterlogging impaired yield independently of light 
levels. Yield reductions in stressed cotton were mainly the consequence of accelerated fruit 
abscission and fewer fruiting nodes produced. Plants had lower leaf nitrogen levels and 
photosynthetic rates after waterlogging and/or shade treatments and produced fewer fruiting 
nodes, while stress-induced ethylene most likely acted by stimulating fruit abscission. Although, 
long-term shade increased specific leaf area (30%), leaf N (20%) and stomatal conductance (5%) 
immediately following 5 d of WL, it did not restore shoot growth, node formation or lint yield 
because of suppressed photosynthetic performance and carbohydrate supply. Thus, it can be 
concluded that interaction between waterlogging and shade depends on the intensity of 
individual stress. After observing limited effects of shade to a severely WL cotton crops, further 
studies were focused on exploring the physiological mechanisms of waterlogging damage alone 
in more detail. 
Due to indeterminate growth of cotton, it was hypothesised that different canopy layers would 
respond variably to soil waterlogging. Field experiments were conducted with the objective of 
understanding how waterlogging influences growth and yield of cotton across canopy layers. The 
crop was waterlogged at early (WLearly, 77 d after planting [DAP]) and late reproductive phases 
(WLlate, 101 DAP) for 120 h. Plants were tagged, and data from different canopy layers (bottom 
eight (MSN1-8), middle five (MSN9-13), and upper main stem nodes (MSN14+) were collected one 
day (post-WL) and 7 d after termination of waterlogging (post-recovery). Both waterlogging 
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events significantly reduced post-WL dry biomass, leaf N and fruit development on MSN1-8. In 
addition, WLearly significantly reduced photosynthesis and increased total soluble sugars in 
MSN1-8 and MSN14+ leaves, although MSN14+ leaves restored photosynthesis, N level and sugars 
at recovery. These results suggested that WL plants could maintain photosynthesis in the upper 
leaves, possibly by transporting N from the lower leaves. Seed cotton yield reduction (22%) 
under WLearly was mainly the result of fruit loss from the first fruiting position of the upper and 
lowest sympodial fruiting branches (FB1-5 and FB11+), and WL plants continued to produce 
additional fruits on 2
nd
 and 3
rd
 position located on FB1-5. Despite the recovery in growth through 
improved photosynthesis and leaf N concentration, there was no yield recovery on FB11+ 
suggesting that plants used additional assimilates for the growth of established fruits. No 
significant yield reduction in response to WLlate suggested that the established cotton bolls were 
less sensitive to abscission across all canopy layers. Variable response of different canopy layers 
to soil waterlogging indicated the need of studying the effect of any stress on the whole canopy 
rather than top   
Field experiments clearly demonstrated that accelerated abscission of young fruits in WL cotton 
is the major cause of yield reduction, and the process is potentially regulated by ethylene. Thus, 
it was hypothesised that waterlogging damage to cotton can be minimised by blocking ethylene 
production. Glasshouse and field experiments were conducted with an objective to optimise 
application rates (0, 50, 100 and 150 [active ingredient, ai] ha
-1
) and time (pre- and post-
waterlogging) of an anti-ethylene agent, aminoethoxyvinylglycine (AVG) for WL cotton. The 
glasshouse study suggested that AVG (ReTain
®
, 100-150 g [ai] ha
-1
) applied 24 h prior to 
waterlogging can increase growth and fruit retention of WL and non-waterlogged (NWL) cotton. 
The positive effects of AVG were further validated in two years of field studies. The crop was 
exposed to WLearly and WLlate. The data from field experiments suggested that AVG (125 g [ai] 
ha
-1
) applied at the early reproductive phase of cotton can significantly increase cotton yield 
under WL (13%, averaged across two years) and NWL (9%, averaged across two years) 
environments. Yield increase in AVG-treated cotton was associated with increased boll numbers, 
boll weight and fruit retention. On the other hand, no further improvement in cotton yield under 
higher AVG concentration (150 g [ai] ha
-1
) indicated the saturation of AVG on ethylene 
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inhibition. Thus, appropriate AVG concentration and application timing may help to overcome 
waterlogging-induced yield losses in cotton production systems.  
The role of ethylene in regulating cotton yield was further explored in glasshouse experiments 
conducted at Macquarie University, Australia. The objective of the first glasshouse experiment 
was to investigate the relationships between ethylene accumulation and waterlogging sensitivity 
of two cotton cultivars, Sicot 71BRF (moderately waterlogging tolerant) and LA 887 
(waterlogging sensitive). It was hypothesised that elevated ethylene accumulation in cotton 
tissues is responsible for waterlogging damage to cotton. The plants were grown in a clay-loam 
soil, and exposed to waterlogging at early reproductive phase (53 DAP). One d prior to 
waterlogging, the shoots were sprayed with AVG (830 ppm≈ AVG 125 g [ai] ha-1). Continuous 
waterlogging for 2 weeks accelerated the shedding of leaves and fruits. As the duration of 
waterlogging increased, shoot growth rate, biomass accumulation, Pn and gs were all reduced. 
Growth of LA 887 was more severely impaired than Sicot 71BRF, with a decline in leaf Pn and 
gs after just 4 h of waterlogging. Waterlogging inhibited allocation of N to the youngest fully 
expanded leaves, Pn and biomass accumulation, while it accelerated ethylene production 
promoting leaf and fruit abscission. AVG blocked the ethylene accumulation in leaves and 
subsequently improved leaf growth, N acquisition and photosynthetic parameters. In addition, 
AVG enhanced fruit production of both cotton cultivars under WL and NWL conditions. Higher 
ethylene production in cotton was linked with fruit abscission, implying that AVG-induced 
ethylene inhibition could potentially limit yield losses in WL cotton. 
Since yield losses in WL cotton were strongly associated with photosynthesis inhibition and 
accelerated ethylene production, it was hypothesised that waterlogging damage can be mitigated 
by modulating ethylene and carbon metabolism in cotton. The second glasshouse experiment at 
the Macquarie University investigated the role of ethylene as a major yield limiting factor for 
WL cotton. The objective of this experiment was to investigate the response to waterlogging 
tolerance by manipulating carbon and ethylene metabolism. Two cotton genotypes, varying in 
lint production and sensitivity to ethylene, namely Empire, a fully linted cotton cultivar and 5B, a 
lintless mutant line (lintless), were compared in a glasshouse study. At the peak reproductive 
phase (66 DAP), plants were exposed to waterlogging for 9 d and allowed to recover for 7 d after 
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termination of waterlogging. Ethylene synthesis was inhibited by spraying AVG (830 ppm) one 
day prior to waterlogging and carbon dioxide enrichment (eCO2) was applied at the start of 
reproductive growth. The effect of these treatments on fruit production and distribution was 
studied in both cotton genotypes. By the end of the experiment, lintless plants produced 
significantly more fruits compared with Empire under all treatment conditions. In addition, the 
growth and fruiting pattern of the two cotton genotypes varied significantly in response to 
waterlogging, AVG and eCO2. Waterlogging significantly increased the release of ethylene from 
different tissues of both cotton genotypes, although fruit production was significantly inhibited 
only in Empire. Consistently, AVG significantly reduced waterlogging-induced abscission of 
fruits, mainly in Empire, by suppressing ethylene synthesis. Elevated CO2 promoted plant 
growth and fruit production in both genotypes, and was more effective in lintless than in Empire 
plants. Limited damage to fruits in lintless, despite increased production of ethylene during 
waterlogging, suggested that fruit abscission was generally associated with ethylene action, and 
that lintless was ethylene insensitive. The lintless produced more fruits than Empire, providing 
additional sinks that enhanced the response to CO2 enrichment. By contrast, eCO2 induced 
ethylene production in reproductive organs of the ethylene-sensitive Empire plants and 
subsequently affected fruit abscission, counteracting the positive effects of CO2 enrichment on 
reproductive development. 
These experiments provide conclusive evidence that increased ethylene biosynthesis in cotton 
plants and photosynthetic inhibition are the major reasons for yield reduction in cotton exposed 
to WL environments. The data contribute to the understanding of mechanisms through which 
waterlogging induces yield losses in cotton and suggest techniques for ameliorating this damage. 
Future studies should focus on characterisation of ethylene-responsive genes and their regulation 
in cotton with a prospect of increasing stress tolerance.  
This thesis elucidates the physiological mechanisms underlying the responses of cotton to soil 
waterlogging. WL cotton plants exhibited an ability to maintain yield in the top layers of canopy 
by remobilising nutrients. Photosynthetic inhibition and abscission of young fruits were the 
major reasons of waterlogging-induced yield losses in cotton, which can be minimised by 
suppressing ethylene or enhancing carbon metabolism.   
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CHAPTER 1: General introduction  
Australia contributes approximately 12% of the world’s total cotton production, and is 
the third largest exporter of cotton fibre. Most Australian cotton is cultivated in New 
South Wales, (70% of the total production), with the remainder is cultivated in 
Queensland, an area that extends from Emerald in Queensland to Hay in New South 
Wales (Hearn and Fitt, 1992). Australian cotton is generally furrow irrigated with only a 
small proportion as rainfed (Cotton Australia, 2012). There has been a dramatic increase 
in cotton production in Australia from 45,000 tonnes in 1970s to 600,000 tonnes in 
2000s, with an average increase in lint yield of 1.8% per year (Constable, 2004). Despite 
this enormous improvement in cotton production systems, the cotton yield in Australia 
remains substantially subject to various abiotic stress factors including drought, heat, 
waterlogging and cloudy conditions. 
Waterlogging is an important factor that adversely affects cotton yield. Australian cotton 
is cultivated on heavy clay soils with inherently low drainage and a summer dominant 
rainfall pattern poses significant risks of intermittent waterlogging. In addition, the 
reproductive phase of cotton, which starts by late December through January, often 
coincides with heavy summer rains in cotton producing regions. As the reproductive 
phase of cotton growth is most sensitive to stress-induced injury, exposure to 
waterlogging at this phase can significantly reduce yield. A degree of damage to cotton is 
expected if heavy rainfall occurs just after an irrigation event. Heavy lint yield losses 
have been recorded in Australian cotton under persistent rainfall and cloudy weather 
during 2009-2010 and 2010-11 cotton seasons (CRC, 2010-11). 
Waterlogging-induced growth and yield reduction are the result of a complex syndrome 
caused by O2 deficiency in the soil. Soil hypoxia impairs root growth and subsequent 
water and nutrient uptake. An inhibited supply of nutrients and water influences leaf 
development, light interception and photosynthetic efficiency leading to growth 
reduction. In addition, soil waterlogging alters the level of phytohormones in root tissues; 
specifically it accelerates biosynthesis of 1- aminocyclopropane 1-carboxylic acid (ACC). 
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This ACC is converted into ethylene in the presence of O2 and ACC oxidase in 
aboveground plant parts (Bradford and Yang, 1980). Elevated ethylene accumulation in 
cotton tissues can stimulate leaf senescence and fruit abortion (Lipe and Morgan, 1973).  
Tolerance to waterlogging in plants is a complex phenomenon that depends on tolerance 
to by-products of anaerobiosis and elemental/molecular toxicities (Setter et al., 2009). 
Plants exhibit a variety of modifications to survive in O2-deficient environments. 
Development of aerenchyma is one of the most common responses in many plant species 
at the anatomical level. Aerenchyma facilitates oxygen diffusion into root tissues 
(Jackson et al., 2008). Other morphological changes include increased root porosity via 
development of adventitious root and hypertrophied lenticels, and rapid shoot elongation 
in some waterlogging-tolerant species. Modifications of water relations, stomatal 
changes, decreased transpiration and photosynthesis are the physiological adaptive 
responses in plants. Metabolic adaptations, including energy production via fermentation, 
metabolic adjustments and anaerobic protein synthesis are also crucial for survival of the 
plants exposed to low O2 concentration. 
Absence of any apparent changes in cotton roots in terms of aerenchyma formation 
(Conaty et al., 2008), as well as the slow rate of energy production through anaerobic 
respiration (Millar et al., 1994), make cotton relatively sensitive to waterlogging. Cotton 
roots rapidly respond to soil O2 deficiency, showing symptoms of growth inhibition 
under mildly hypoxic conditions (O2 < 10%) within a short time (Huck, 1970). Inhibited 
root growth restricts nutrient uptake and interferes with various physiological process 
causing overall yield reduction. Yield loss in cotton is directly associated with the 
duration for which root roots remain under O2 deficient environments. For example, an 
inundation period of 4 to 16 h (when soil O2 < 10 %) caused an 8% reduction in cotton 
lint yield, while prolonging inundation time to 32 h increased yield losses to 18% 
(Hodgson, 1982). Similarly, 27 – 30% yield reduction was recorded in response to 4 to 9 
d of waterlogging, respectively (Wu et al., 2012). Despite significant improvements in 
cotton production systems, limited effort has been made in improving tolerance to 
waterlogging. Waterlogging tolerance in cotton is a complex trait, which depends on 
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several environmental and physiological factors. Screening and breeding for 
waterlogging tolerance alone may not be adequate, as the waterlogging-tolerant cultivars 
identified in one experiment may appear intolerant in other trials (Setter et al., 2009). 
Therefore, understanding the impact of environmental factors and plant adaptation to 
waterlogging is critical for developing efficient waterlogging tolerance strategies. 
Physiological and biochemical modifications can provide clues to understanding plant 
tolerance mechanisms to waterlogging and assist in devising techniques for reducing 
yield losses under stressful conditions. 
1.1 Central research question 
Can yield losses in cotton be alleviated by modulating key physiological processes 
associated with waterlogging tolerance? 
1.1.1 Sub-questions 
1 Does restricted light availability intensify waterlogging damage to cotton? 
(Chapter 4) 
2  Does waterlogging-induced growth and yield damage to cotton vary across 
canopy layers? (Chapter 5) 
3  Do anti-ethylene agents have potential to overcome waterlogging damage in 
cotton? (Chapter 6) 
4  Is waterlogging sensitivity in cotton associated with ethylene production? 
(Chapter 7) 
5  Can waterlogging tolerance in cotton be induced by manipulating the genetics of 
ethylene metabolism and photosynthetic source strength? (Chapter 8) 
1.1.2 Objectives 
The broad objective of the research for this thesis was to develop an understanding of the 
key physiological processes regulating yield losses in cotton under waterlogged 
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environments. Three independent glasshouse experiments and five field experiments 
were conducted. The specific objectives of these experiments were to: 
 investigate the effect of overcast/low-light conditions on cotton growth and yield 
under waterlogged environments (Field Experiment 1 conducted over two 
seasons); 
 understand the mechanisms of waterlogging damage in cotton by studying  
physiological responses of various layers of the plant canopy (Field Experiment 2 
conducted in the second season); 
 optimise the application rate and time of an anti-ethylene agent, 
aminoethoxyvinylglycine (AVG) for waterlogged cotton (Glasshouse experiment 
1 & Field experiment 3 conducted over two seasons);   
 study relationship between ethylene release and waterlogging sensitivity in cotton 
(Glasshouse Experiment 2), using contrasting cultivars and 
 identify key factors regulating fruit losses in waterlogged cotton using an 
ethylene-mutant (Glasshouse Experiment 3). 
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CHAPTER 2: Review of literature 
2.1 Introduction 
Waterlogging is a worldwide phenomenon that strongly influences the distribution of 
plant species and crop production. According to a 2007 FAO report, 20-30 million 
hectares of irrigated land area was affected by soil waterlogging as a result of poor soil 
drainage, intensive irrigation and highly variable weather patterns. This in turn affects 
crop production in many parts of the world (Setter and Waters, 2003). Soil waterlogging 
dramatically reduces the O2 diffusion rate through soils, and when coupled with O2 
depletion by respiration of microorganisms and plant roots, soil O2 levels quickly fall 
below critical levels. This process is further exacerbated by high temperatures, which 
accelerate respiratory activity. Even under incomplete waterlogging when soil air-filled 
porosity (AFP) might only be marginally below 10% (Hodgson, 1982), these levels can 
be critical for roots, lowering respiration rates below the level required to sustain 
maximum energy production.  
Submerged plant organs undergo a dramatic decline in O2 availability. Plant species 
which are adapted to low-O2 conditions often obtain atmospheric O2 through rapid 
diffusion along gas-filled root aerenchyma (air spaces in cortical tissues). In such cases, 
cellular O2 deficiency not only depends on O2 concentrations in the bulk soil but also on 
length of diffusion path, resistance to radial leakage from roots, respiration rate of root 
tissues and thickness of the diffusive boundary layer around roots (Armstrong et al., 
2009). Once O2 concentrations in root tissues drop below the critical O2 pressure for 
respiration, they become O2 limited (Armstrong and Drew, 2002). In roots, partial O2 
deficiency in soils (hypoxia) can result in complete absence of O2 (anoxia) in the stele, 
inhibiting aerobic respiration, energy generation and nutrient acquisition (Jackson and 
Drew, 1984).  
Oxygen deficiency initiates various deleterious events, viz. metabolic pathways that cause 
accumulation of by-products of fermentation in roots (e.g. acetaldehyde, ethanol), acid 
loads in cells (Felle, 2005) and toxic substances in soil (volatile fatty acids, phenolic acid, 
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hydrogen sulphide, NO, methane and CO2) (Zheng et al., 2013). Waterlogging alters the 
cation exchange capacity of soil particles and valency of nutrients (more reduced forms), 
making them toxic or unavailable for plant uptake (Setter et al., 2009). Hypoxia-induced 
nutrient deficiency/toxicity interferes with a range of shoot physiological processes such 
as photosynthesis, respiration and growth, causing chlorosis and necrosis and ultimately, 
plant death (Bailey‐Serres and Colmer, 2014, Dodd et al., 2013).  
Waterlogging tolerance in plants is a function of tolerance to anaerobiosis and chemical 
toxicities (Setter et al., 2009). Plants undergo various anatomical, morphological, 
physiological and metabolic adjustments for their survival in O2-deficient environments, 
although rates of acclimation vary with species, temperature and rapidity of the onset of 
waterlogging. Development of aerenchyma is a common but not universal response to 
flooding, occurring particularly in grasses where it facilitates O2 diffusion along the axes 
of roots (Jackson and Drew, 1984). While this important phenomenon has been 
exhaustively studied in monocotyledons and marsh species, few data are available for 
dicotyledonous crop species. Some genera of dicotyledons (e.g. Rumex and Lotus) have 
been shown to express waterlogging tolerance via a suite of morphological changes. The 
range of mechanisms include increased root porosity (intercellular spaces), development 
of adventitious root and hypertrophied lenticels, and rapid shoot elongation during 
submergence (Bailey-Serres and Voesenek, 2008, Teakle et al., 2007, Kozlowski and 
Pallardy, 1984).  
At the physiological level, waterlogging may induce stomatal closure, thereby decreasing 
transpiration and photosynthesis in a variety of plant species. Metabolic responses 
including energy production via fermentation, catalytic adjustments, anaerobic protein 
synthesis and hormonal regulation are also crucial for survival of plants exposed to low 
O2 concentration.  
Cotton (genus Gossypium) belongs to family Malvaceae. Although, there is a debate over 
taxonomy of the genus Gossypium, Smith (1995) classified 43 species of Gossypium, of 
which 37 are diploid (2n = 2x = 26) and six are tetraploid (2n = 4x = 52). On the basis of 
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genetic similarity, this genus is divided into eight diploid genomes (designated A–G and 
K) and one tetraploid genome (Stewart, 1995). At present, G. hirsutum and G. 
barbadense are the major cultivated cotton species, both being AD-genome tetraploid 
species (Wendel et al., 1989). Gossypium hirsutum contributes up to 90% of the world 
fibre production while 5% comes from G. barbadense (Wu et al., 2005).  
Cotton (Gossypium hirsutum) is an important fibre and oilseed crop grown over 30 
million hectares worldwide (USDA, 2012). Improvements in production systems and 
breeding programs over the past decade have substantially increased the per hectare 
cotton lint yield (ICAC – International Cotton Advisory Council, 2009). However, 
unfavourable environments significantly inhibit cotton production. In particular, cotton is 
frequently cultivated in poorly drained heavy clay soils that may incur significant yield 
penalties after heavy summer rainfall events that cause subsequent waterlogging. A better 
understanding of physiological and biochemical responses to hypoxia/anoxia could help 
to improve tolerance through improved soil monitoring and selective plant breeding. This 
review aims to provide information on the possible mechanisms through which 
waterlogging damages cotton crops and suggest remediation pathways. However, much 
of the analysis that follows is based on inferences from studies on waterlogging damage 
in other crop species because there has been relatively little investigation of cotton under 
waterlogging in the past 35 years (Fig. 2.1). 
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Figure 2.1 Annual publication rate for manuscripts dealing with waterlogging, 
anaerobiosis, anoxia and/or oxygen deficiency in cotton and other crop species (rice, 
maize and wheat) 
2.2 Morphological adjustments 
2.2.1 Root growth 
Sustained elongation of roots, even in intensively irrigated and fertilised crops, is critical 
for resource acquisition during vegetative growth. Therefore, the environmental factors 
that influence root growth, such as waterlogging, are critical if final yield is to be 
maximised. Laboratory studies show that root apices must be at or above the critical O2 
pressure (COP) for normal root growth and extension (Armstrong and Webb, 1985); COP 
varies among plant species. The O2 concentration below which root extension begins to 
decline depends on the COP for respiration (COPR), which in turn is influenced by the 
characteristics of the tissues through which O2 must diffuse (e.g. proportion of stele) and 
the O2 affinity of oxidases (Armstrong and Drew, 2002). In field-grown cotton, root 
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growth is a function of O2 consumption in the soil by roots and microbes (Meyer et al., 
1987); growth inhibition starts under mildly hypoxic (O2 < 10%) conditions. Exposure of 
cotton plants to short-term (2 to 3 min) anoxia caused transitory cessation of tap root 
elongation but it resumed as the O2 supply was re-established, while just 3 h of anoxia 
resulted in complete death of the terminal apices of cotton roots (Huck, 1970).  
However, the processes responsible for slow root extension in waterlogged (WL) soils 
are complex, with the primary impact of respiratory impairment interacting with a 
plethora of downstream (secondary) effects. Armstrong and Drew (2002) proposed that 
inhibited energy generation in hypoxic root tips arrests root extension by inhibiting cell 
division with consequences for water and nutrient acquisition. Zhang et al. (2015) also 
demonstrated that despite up-regulation of fermentative genes, waterlogging also induces 
oxidative damage to cotton root tissues.  
In order for sufficient ATP turnover to be sustained by fermentation during O2 deficits, 
well-adapted plant tissues can accelerate carbohydrate breakdown and therefore, energy 
generation from glycolytic flux (Gibbs and Greenway, 2003). This heightened 
consumption of carbohydrates can cause carbohydrate starvation; a situation that is 
exacerbated when translocation of carbohydrates from leaves to roots is suppressed 
(Brändle, 1991) and sugar unloading in roots is impaired (Saglio et al., 1985). There are 
more subtle measures that conserve energy in anoxia-tolerant tissues, with strong 
arguments being made for the re-direction of scarce ATP to critical reactions (Edwards et 
al., 2012). 
 Root structural modification 2.2.2
A comprehensive study of waterlogging tolerance using different plant species confirmed 
that primary tolerance mechanisms reside in roots rather than in shoots (Davies et al., 
2000). Specifically, the root system plays a central role in shoot response to waterlogging 
through:  
 Water and nutrient uptake from soils and supply to the aboveground organs;  
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 Synthesis of hormones regulating plant response to hypoxia.  
Root structural characteristics and functional processes strongly depend on biotic and 
abiotic soil factors, and are especially strongly influenced by the distribution and 
availability of gases and nutrients in WL soil. The major pathways for O2 supply to roots 
are through the soil medium or through intercellular gas spaces and aerenchyma when 
they exist in the shoot–root continuum. In WL or O2-deficient soils, shoots and their 
interface with the atmosphere become the major source of O2 supply to roots of flood-
tolerant species. Depending on the shape and arrangement of cortical cells, path lengths, 
cellular O2 demands and radial losses, radius of the stele vs cortex and shape of the root 
apex, roots will receive some proportion of the O2 they require for normal aerobic 
function (Colmer, 2003). Within a single root axis, apices and the stele are potentially 
anoxic while the outer cortical tissues may continue to be aerobic (Armstrong and 
Beckett, 1987). Factors controlling these tissue-specific variations in O2 status are not 
well described for less tolerant dicotyledonous species such as cotton, where phenotypic 
variation in radial dimensions and biophysical characteristics of roots might yet be 
exploited.  
Notwithstanding these adaptive features, primary root elongation, even in waterlogging-
tolerant plants, is suppressed when exposed to O2 deficiency. Tolerant species such as 
many grasses develop lateral and adventitious roots, enabling nutrient uptake from WL 
soils. When cotton plants were re-aerated, primary axes initiate lateral roots after death of 
the apical meristem. Initiation of adventitious root primordia is controlled by an 
interaction between plant hormones, particularly ethylene (Verstraeten et al., 2011). 
Ethylene accumulation also triggers various adaptive traits within root axes, such as 
cortical cell senescence, increased fractional root porosity and secondary growth of 
phelloderm in dicotyledonous species (Evans, 2004). Such changes facilitate gaseous 
exchange between aerobic shoots and anaerobic roots of various crops including wheat, 
maize and rice (Armstrong and Drew, 2002). Significantly, eudicotyledons such as cotton 
do not display the same widespread tendency to form aerenchymatous roots (Fig. 2.2) 
(Conaty et al., 2008). However, there are other potential adaptations to waterlogging, 
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with cotton enhancing survival in short-term hypoxia by developing hypertrophic 
lenticels (Fig. 2.3); similar responses have been reported in Lotus tenuis (Teakle et al., 
2007).  
 
Figure 2.2 Waterlogging induced aerenchyma formation in plant roots  
(A) rice, (B) wheat (micrographs courtesy of Plants in Action; Atwell et al., 1999), while 
no aerenchyma form in (C) waterlogged cotton roots where cortical cells are densely 
packed (Conaty et al., 2008). 
 
Figure 2.3 Development of hypertrophic lenticels at the base of cotton stems under 
long-term waterlogging 
(A) stem of waterlogged cotton, (B) magnified view of waterlogged cotton stem and (C) 
cotton stem under non-waterlogged conditions. 
(A) (C)(B)
(A) (B) (C)
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2.2.3 Nutrient uptake 
The acquisition of inorganic nutrients is critical for high productivity of irrigated crops 
such as cotton. A fall in O2 levels after heavy rainfall initiates a series of chemical 
reactions within the soil. As the intensity of waterlogging increases, soils shift from 
hypoxic to anoxic and slowly, redox potentials enter the range that renders ions toxic or 
unavailable. Excluding, sequestering or re-oxidising these solutes is important to avoid 
root damage. These control mechanisms depend heavily upon rhizosphere O2 levels if re-
oxidation of toxic ions is to be achieved, but this is unlikely in non-aerenchymatous 
cotton roots until the bulk soil begins to re-aerate. Where atmospheric O2 supply is very 
limited such as the case in cotton, root energy status to sustain active transport systems 
and membrane integrity become critical, both during and after waterlogging events. 
Evidence suggests that a combination of these adaptive mechanisms can prevent Mn 
toxicity from developing after 8 d of waterlogging (Hocking et al., 1987). However, 
damage to root tissues, particularly apices, is not unique to periods of O2 deprivation; 
with re-aeration post-waterlogging imposing a new set of challenges for roots as reactive 
oxygen species impair metabolic processes (Blokhina et al., 2001, Shabala et al., 2014).  
Because hypoxia impedes root ATP synthesis, it alters the activity of plasma membrane 
H
+
-ATPases (Jackson et al., 2003). Since uptake of mineral nutrients such as N, P, K, Mg 
and Ca is generally energy-dependent (Marschner and Marschner, 2011), partial 
membrane depolarisation and reduced ATP availability for pumps suppress their uptake 
(Steffens et al., 2005). Colmer and Greenway (2011) proposed that as roots become 
reliant on O2 supply from shoots, nutrient uptake from soils may continue into root 
hypoxic epidermal and cortical cells. However, development of an anoxic stele inhibits 
energy-dependent ion transport into the xylem. In such cases, small quantities of ions 
could still pass to the xylem tissues via plasmodesmata and non-selective outward-
rectifying channels (Pang and Shabala, 2010).  
In cotton, inhibition of nutrient uptake has been strongly correlated with the length of 
inundation period (Fig. 2.4), plant growth stage and soil fertility level (Hocking et al., 
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1985, Milroy et al., 2009). Waterlogging-induced inhibition of uptake and translocation 
of macro-nutrients (N, P and K) were pronounced during the period of high nutrient 
demand i.e. peak flowering (McLeod, 2001). Hocking et al. (1987) also reported similar 
results after exposing cotton to 8 d of waterlogging during flowering. Likewise, in a 
comprehensive study on leaf nutrient dynamics of WL cotton, Milroy et al. (2009) 
reported a significant reduction in concentrations of most essential nutrients. They 
observed that nutrient concentrations in cotton leaves were relatively more sensitive to 
waterlogging during peak flowering compared with late reproductive stages.  
 
Figure 2.4 Changes in nutrient N (Hocking et al., 1985) and P (Hocking et al., 1987) 
status of cotton leaves under increasing inundation period (d) of water-table depth 
40 cm 
Nutrient deficiency in leaves during reproductive growth could be ascribed to their role 
as a net nutrient exporter to fruits, especially from late flowering growth phase 
(Rochester et al., 2012). Transport of nutrients towards developing fruits depletes the 
fixed pool of each nutrient element unless uptake rates through the roots can be sustained 
during an energy crisis. While inorganic nutrients are delivered to leaves through the 
xylem, redistribution to developing sinks such as fruits with low transpiration rates and 
high nutrient demand (Marschner and Marschner, 2011) are achieved through the 
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phloem. McLeod (2001) observed that waterlogging at peak flowering of cotton (96 
DAP) reduced P and K, both mobile nutrients, in cotton tops (upper shoots) by 32% and 
19%, respectively. Consistent with the claim that nutrient redistribution is important 
during flooding events, nutrient deficits were more pronounced in leaves and stems 
compared with fruits.  
In contrast to the essential mineral elements, soil waterlogging increases Na
+
 
accumulation in sensitive plant species (Barrett-Lennard, 2003). McLeod (2001) 
observed a significant increase in shoot Na concentration in WL cotton leaves, where 
increased leaf Na concentrations were the result of higher Na translocation from roots to 
shoots rather than increased whole-plant uptake. Depolarisation of hypoxic root plasma 
membranes does not diminish uptake of Na
+
 ions; indeed more Na
+
 ions enter via non-
selective cation channels, while limited H
+
-ATPase activity impairs active Na
+
 exclusion 
across the plasma membrane and results in Na build up in root cells. Loading of anions 
and cations into the xylem requires various transporter channels (reviewed by Shabala 
and Mackay, 2011). Although hypoxia blocks outwardly rectifying channels, Na
+
 enters 
the xylem via the non-selective outward-rectifying channels; hence the loss of selectivity 
for K
+
 over Na
+
 lies in contrasting uptake systems (Barrett-Lennard and Shabala, 2013). 
Reduced retrieval of Na
+
 from the anoxic stele to the aerobic cortex might also be 
responsible for the relatively higher Na
+
 transport towards the shoot (Colmer and 
Greenway, 2011).  
2.2.4 Yield 
The effect of waterlogging on vegetative growth and yield of cotton depends on the 
cumulative time for which the root system remains under low soil O2 concentrations (O2 
< 10%), soil type and developmental stage (Milroy et al., 2009). Earlier studies showed 
that an inundation period of 4 to 32 h significantly limited cotton lint yield (Hodgson, 
1982). However, Bange et al. (2004) observed no significant impact on cotton yield after 
72 h of waterlogging, suggesting that plant responses to waterlogging vary widely with 
experimental conditions. Improved performance during the recent years among WL 
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cotton crops has been attributed to better agronomic practices, reduction in soil 
compaction (a by-product of sustained waterlogging), use of modern technology for land 
levelling and the development of relatively waterlogging-tolerant cotton cultivars. Field 
studies have also confirmed that yield penalties in WL cotton are strongly linked with 
ridge height; removing ridges exacerbated waterlogging damage while enhancing yield in 
aerobic conditions.  
Waterlogging sensitivity in cotton is strongly associated with growth stage (McLeod, 
2001) but there is no a priori basis for temporal changes in tolerance. In a series of test-pit 
experiments, Wu et al. (2012) observed 27 to 30% yield reduction after 4-9 d of 
waterlogging, respectively, during early reproductive phase in cotton. A 10 d exposure 
significantly increased young boll and square abscission in cotton, leading to a 42% yield 
reduction (Jiang et al., 2013). Likewise, Bange et al. (2004) reported larger yield losses in 
cotton WL at early squaring stage (65 DAP) compared with a later growth stage (112 
DAP).  
Higher waterlogging sensitivity during early reproductive growth in cotton has been 
notionally linked to the hormone-dependent shedding of young squares observed during 
abiotic stress (Brito et al., 2013). Once established, the cotton bolls become less sensitive 
to stress-induced abscission. As the reduction in yield in WL cotton crops is a function of 
lower number fruits produced, fruit abscission after waterlogging has been directly 
implicated in yield losses (Bange et al., 2004). Waterlogging significantly suppressed 
plant growth and reproductive node development, reducing the total number of fruiting 
sites. Waterlogging-induced damage to cotton during later growth, as observed by 
McLeod (2001) in glasshouse experiments, was associated with inhibited nutrient uptake. 
However, with limited space for root growth and potential exhaustion of nutrients, 
nutrient deficiency was accentuated during peak boll development. Since the final yield 
was not recorded, it is not certain whether foliar nutrient deficiency translated into 
significant yield losses. Once formed, the cotton bolls become less sensitive to stress-
induced abscission and may continue to be a nutrient sink by re-translocating nutrients 
from leaves.   
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2.3 Physiological processes and their contribution to waterlogging 
damage 
2.3.1 Photosynthesis 
Flooding and subsequent soil waterlogging usually causes a rapid decline in 
photosynthetic rate, ranging from 10 – 90% in different species (Kozlowski and Pallardy, 
1984). Various reasons for hypoxia-induced photosynthetic impairment are reported in 
the literature (Fig. 2.5). Waterlogging sensitivity of cotton has been strongly associated 
with photosynthetic inhibition (Najeeb et al., 2015a). In cotton, Milroy and Bange (2013) 
observed a significant drop in the rate of photosynthesis under sustained waterlogging 
treatments for 72 h, while rates recovered to normal as the soil O2 status improved. They 
showed that the rate of photosynthesis exhibited a degree of acclimation, becoming less 
responsive to soil O2 status during the later growth stages. Nutrient deficiency in cotton 
leaves has been considered the main reason for the fall in leaf photosynthetic rates. 
However, there was a lack of improvement in photosynthesis of WL cotton under foliar 
and soil fertiliser (N, P and K) application (Meyer et al., 1987, Hodgson and MacLeod, 
1988, Zhou and Oosterhuis, 2012, Ashraf et al., 2011) suggesting that long-distance 
signalling from roots might explain the impaired leaf function; possibilities include 
hydraulics (e.g. stomatal closure) and hormones (e.g. changes in expression of critical 
photosynthetic genes, chlorophyll degradation).  
Ahmed et al. (2006) suggested that early reduction in photosynthesis of WL plants is 
regulated by internal damage to PSII associated with photoinhibition, independent of 
stomatal closure. These non-stomatal/metabolic factors include intercellular gas 
diffusion, biochemical reactions, reduction in CO2 assimilation rates and quantum yield 
of PSII. Similarly, modification in synthesis, regulation and transport of endogenous 
hormones in cotton leaves influences photosynthetic CO2 fixation (Pandey et al., 2001). 
Down-regulation of sulphite reductase activity (a key enzyme of sulphate assimilation) 
could cause thylakoid damage and subsequent reduction in photosynthetic activity in WL 
cotton leaves (Christianson et al., 2010a).  
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Figure 2.5 Changes in cotton growth and yield in response to soil waterlogging  
Flows are represented in four categories: green (biochemical pathway); red 
(hormonal/signalling pathway); light blue (physiological pathways); dark blue 
(morphological changes). 
1. Lower ATP synthesis under O2 deficiency inhibits root growth (Armstrong and 
Drew, 2002). 
2. Reduce plasma membrane H+-ATPase activity impairs nutrient uptake and 
interception (Jackson et al., 2003). 
3. Limited nutrient transport to leaf tissues damage chlorophyll and photosynthesis 
(Meyer et al., 1987). 
4. Inhibited root growth acts as a negative feedback to photosynthesis by reducing 
the root carbohydrate demand (Benjamin and Greenway, 1979). 
5. Higher 1-aminocyclopropane-1-carboxlic acid (ACC) concentration in root 
tissues could inhibit root growth (Leblanc et al., 2008). 
6. Ethylene can influence ABA-induced stomatal dynamic and photosynthesis (Else 
et al., 2009). 
7. Inhibited leaf photosynthesis in turn influence biomass accumulation, leaf size, 
canopy development and overall radiation use efficiency (Guang et al., 2012).  
2.3.2 Transpiration, stomatal behaviour and hormone physiology 
At the inception of waterlogging, plant roots rapidly transmit xylem-borne signals to 
leaves in the form of hormones, most notably ABA, slowing transpiration via stomatal 
closure (Jackson et al., 2003). Numerous studies reported stomatal closure and low 
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transpiration rates in a range of plant species within hours up to days of waterlogging 
being imposed (Barrett-Lennard, 2003, Mollard et al., 2008), although stomatal closure is 
not consistently reported for cotton. For example, some reports suggested that 
waterlogging reduces stomatal conductance and leaf water potential in cotton 
(Christianson et al., 2010a, Meyer et al., 1987), while Hocking et al. (1985) and McLeod 
(2001) observed no significant change in transpiration rate and stomatal conductance of 
WL cotton. Likewise, Ashraf et al. (2011) found a significant reduction in leaf water 
potential without any significant change in leaf stomatal conductance, presumably due to 
impaired root hydraulics that occurs when roots are O2 deficient (Gibbs et al., 1995). 
Therefore, it is difficult to correlate growth inhibition in WL cotton with perturbations to 
leaf water status. Effects on transpiration and stomatal conductance might be dependent 
on soil type, duration of waterlogging and plant growth stage, whereas photosynthesis 
responds more rapidly to O2 deficiency in root tissues. This uncoupling of water and 
carbon economies suggests that they are under independent controls when roots of cotton 
are waterlogged.  
In sensitive plant species such as tomato and cotton, hypoxia-induced cytosolic acidosis 
causes conformational changes in root aquaporins, inhibiting water transport to leaves, 
thereby reducing turgor pressure in guard cells and closing stomates (Else et al., 2001, 
Hebbar and Mayee, 2011). The similarity of the effects of waterlogging, exogenous ABA 
application (Else et al., 2009) and high external CO2 concentrations (Bradford, 1983) on 
stomatal behaviour in tomato suggest a common mechanism, possibly with ABA as the 
key factor. The precise nature of root-derived ‘waterlogging’ signals remains unresolved 
(Else et al., 2009) and it is likely that specific signals operate in different time frames; 
short-term signalling could be achieved by loss of root hydraulic conductivity (Else et al., 
2001) or increased ACC transport (Bradford and Hsiao, 1982), while ABA accumulation 
in leaves (Ahmed et al., 2006) might ensue more slowly, thus regulating stomatal 
conductance and photosynthesis and transpiration.  
Hypoxic tomato roots release a large amount of ACC (precursor to ethylene) into the 
transpiration stream due to inhibition of the oxidation of ACC and/or up-regulation of 
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genes governing ACC synthesis (Bradford and Hsiao, 1982). This ACC is converted into 
ethylene in the presence of O2 and ACC oxidase in the leaves. Elevated ethylene 
accumulation accelerates activity of an abscission layer in the peduncle, causing square 
and boll abscission and overall lint yield reduction in cotton (Lipe and Morgan, 1973). 
Investigating responses of cotton to hypoxia, Christianson et al. (2010a) found increased 
expression of genes regulating ACC synthesis, pointing to the role of ethylene as a key 
signal in mediating responses to waterlogging. Higher ethylene accumulation accelerates 
generation of ROS, which damage macromolecules and suppress photochemical 
efficiency (Ahmed et al., 2006), compromising organelles and ultimately causing cell 
death.   
2.3.3 Radiation use efficiency 
Crop growth rate depends on the amount of intercepted radiation and its concomitant 
conversion into biomass, which is termed radiation use efficiency (RUE) (Monteith and 
Moss, 1977). Leaf size and canopy architecture are major determinants of absorption of 
incoming photosynthetic active radiation (PAR), while conversion of intercepted 
radiation into new biomass mainly depends on the rate of net photosynthesis. However, 
the effect of other factors such as reproductive partitioning, growth conditions and plant 
developmental stage on RUE and crop growth rate cannot be overlooked (Passioura, 
1977). Therefore, integration of different physiological and growth processes is essential 
for estimating RUE or crop potential productivity.  
Waterlogging suppresses leaf growth, canopy development and ultimately limits light 
interception in cotton (Guang et al., 2012). The growth reduction in WL cotton was more 
strongly associated with low RUE than with the interception of light alone (Bange et al., 
2004). There have been a number of reports illustrating negative impacts of waterlogging 
on RUE and lint yield of cotton through limiting dry matter production (Bange et al., 
2004, Guang et al., 2012). Although a limited role of short-term shade incurs yield losses 
in severely WL cotton, long-term shading can significantly increase damage (Najeeb et 
al., 2015b). Impaired nutrient uptake and translocation, especially N from WL soils, 
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seems responsible for impaired leaf growth (Milroy et al., 2009) and inhibition of 
photosynthesis. However, Milroy and Bange (2013) observed a weak association between 
photosynthetic rates and N contents of the youngest fully developed leaves of WL cotton, 
and suggested uneven light distribution within the canopy might be responsible for low 
RUE of the whole plant. Since the value of RUE depends on the sum of photosynthetic 
performance through the whole canopy, collection of data (leaf N and photosynthesis) 
from the topmost leaves may not be adequate for estimating RUE under stressful 
environments. Exploring the effect of soil waterlogging on various canopy layers of 
cotton, Kuai et al. (2014) established that waterlogging more severely impaired 
chlorophyll pigments and consequently photosynthesis in the lower canopy leaves, while 
leaves at the top of canopy showed delayed damage by translocating nutrients from lower 
leaves. Thus variation in light penetration and nutrient distribution through the canopy 
should be considered when collecting data for leaf photosynthesis or nutrients.  
2.4 Metabolic responses to waterlogging in crop species 
Rapid depletion of oxygen from the rhizosphere unbalances soil chemistry and disturbs 
energy and hormone metabolism, triggering the downstream physiological and 
biochemical events described in the previous section. Adaptive responses to these events 
are natural targets for improved waterlogging tolerance of cotton at the cell level. The 
known metabolic responses to oxygen deficit can be broadly divided into four groups:  
1.  Induction of anaerobic polypeptides (ANPs), enabling carbohydrate mobilisation 
and subsequent fermentation (Subbaiah and Sachs, 2003);  
2.  Regulation of intracellular pH and thereby, membrane charge, via changes in 
transporter activity. Acidosis determines the activity of some key enzymes (e.g. pyruvate 
decarboxylase, nitrate reductase and NADH-dependent glutamate synthase (Steffen et al., 
2001) and defines a new ‘set point’ for low-oxygen metabolism (Felle, 2005);  
3.  Alteration in the expression pattern of genes controlling O2 sensing (Licausi et al., 
2011, Gibbs et al., 2011). A recent publication by Mendiondo et al. (2015) illustrated that 
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O2 sensing in barley is mediated by the N-end rule pathway. Sensing was achieved via an 
amino terminal cysteine residue in vivo, causing increased expression of hypoxia-
associated genes and improved tolerance to waterlogging. Thus homologous components 
of the N-end rule pathway identified in barley are potential targets for engineering 
waterlogging tolerance in cotton. Similarly, activation of proteins regulating ROS 
signalling are potential targets for improved tolerance (Baxter-Burrell et al., 2002);  
4.  Synthesis of non-symbiotic hemoglobin (nsHbs) proteins (Igamberdiev and Hill, 
2004, Sairam et al., 2009).  
2.4.1 Signalling pathways and gene regulation  
Despite the improved understanding of responses to oxygen deficits brought about by 
proteomic and genomic approaches (Table 2.1), the full array of responses that can confer 
waterlogging tolerance remain elusive (Narsai et al., 2011). Microarray studies have 
consistently shown that hypoxia affects expression of genes coding for signal 
transduction (Baxter-Burrell et al., 2002), with sugar signalling in rice coleoptiles under 
anoxia (Lasanthi-Kudahettige et al., 2007) particularly likely to be relevant to diverse 
species during O2 deficits. Other examples of commonly observed gene expression 
responses in hypoxia involve ethylene biosynthesis, nitrogen metabolism and cell wall 
degeneration (Table 2.1). Up-regulation of common genes has been reported in O2 
deficits across a wide range of plant taxa covering a spectrum of flood tolerance. These 
consistent changes suggest that evolutionary ‘solutions’ to surviving this most 
challenging of environmental stresses have their origins in ancient progenitors, often 
prokaryotic (Müller et al., 2001).  
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Table 2.1 Anoxia induced modification in gene expression pattern in different plants 
Species under 
hypoxia  
Genes up-regulated  Genes down-regulated  Reference  
Cotton 
(Gossypium 
hirsutum L.) 
Glycolysis, fermentation and mitochondrial electron 
transport  pathways, ethylene synthesis, alanine 
synthesis 
Cell wall synthesis, flavonoid 
production and synthesis of amino 
acids  
(Christianson et al., 
2010a) 
Arabidopsis  Glycolysis, fermentation amino acid metabolism, 
ethylene synthesis, protein kinase activity, and auxin 
responses 
Cell wall synthesis, nucleosome 
structures, water channels, and ion 
transporters 
(Liu et al., 2005, 
Christianson et al., 
2010b) 
Poplar  Glycolysis, fermentation, trehalose synthesis, proline 
synthesis 
Signalling, phenylalanine synthesis (Christianson et al., 
2010b) 
Rice  Glycolysis,  ethylene response factors, ethanolic 
fermentation, MADS-box proteins, AP2 domain, leucine 
zipper, zinc finger and WRKY factors, Futile Cycle of 
Starch Synthesis and degradation, cellulose and cell wall 
synthesis, tetrapyrrole synthesis, fatty acid synthesis 
PEP carboxylase, sugar transporters, 
abscisic acid signal transduction 
(Howell et al., 2009)  
Sugar beet  Glycolysis/pentose phosphate cycle, carbohydrate 
metabolism, seed specific proteins, transport, 
transcription, signal transduction, lipid metabolism, 
protein biosynthesis, protein folding, metabolism and 
cell division cycle 
Cytoplasmic ribosomal proteins, 
translation initiation factors, seed 
storage proteins, late embryogenesis, 
seed maturation and dehydration 
proteins 
(Pestsova et al., 2008) 
Maize Glycolysis, and ethanolic fermentation, auxin response 
factor, carbohydrate and energy metabolism 
Starch synthase aminotransferase, 
homeostasis and signal cascades of 
hormone  
(Zhang et al., 2008) 
Soybean  Photosynthesis, glycolysis, Ser-Gly-Cys group amino 
acid synthesis, regulation of transcription, ubiquitin-
mediated protein degradation and cell death 
Synthesis of phosphofructokinase 
glucosyl and glucuronyl transferase, 
secondary metabolism, transport, cell 
wall synthesis, amino acid metabolism  
(Nanjo et al., 2011) 
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While transcriptomic responses to hypoxia and anoxia have common features across species (e.g. 
increased expression of genes for fermentative enzymes, sugar mobilisation), transcriptomic 
profiles also bear characteristics of individual plant species (Narsai et al., 2011, Christianson et 
al., 2010b). Root tissues are the major target of hypoxic stress and could potentially regulate 
shoot responses (induction of hypoxia-responsive genes) via transport of metabolites such as 1-
aminobutylate and alanine towards shoot (Mustroph et al., 2014). Analysis of carefully defined 
tissues from different organs (e.g. root apices, leaves) across a broad range of taxa is still called 
for, with datasets from these independent analyses of both transcriptomes and proteomes 
providing targets for identification of markers for hypoxia tolerance. Early transcriptomic 
contrasts in hypoxia-treated roots from cotton, Arabidopsis and gray poplar indicated that 4 – 
10% of all known genes were differentially expressed in response to hypoxia (Christianson et al., 
2010b). In a microarray study of WL cotton roots and leaves, Christianson et al. (2010a) 
observed up-regulation of genes controlling biochemical processes such as glycolysis, 
fermentation and mitochondrial electron transport pathways, again underlining the role of 
ethanolic fermentation and residual respiratory activity in plant survival under hypoxia. Down-
regulation of genes could be an equally helpful insight into mechanisms of flood tolerance; 
examples include reduced expression of genes associated with the synthesis of cell walls, 
flavonoids and amino acids. I consider it important to distinguish those genes that are down-
regulated as an inevitable result of lower growth rates (e.g. inhibited protein synthesis) from 
those that perform subtler regulatory roles such as in energy conservation (Atwell et al., 2015). 
Such distinctions can best be deduced in datasets from cereals where responses to flooding have 
been relatively well studied. Systematic analyses in cotton and particularly between wild and 
domestic cultivars would be invaluable in identifying scope for breeding programs.  
2.4.2 Metabolic adaptation 
Waterlogging-tolerant plants may avoid O2 deficits through multifaceted cellular and organ level 
structural modifications. These processes are driven by phytohormones, with ethylene, 
gibberellins and abscisic acid having well-substantiated roles in cell-level responses to low O2. 
The past decade has seen a wider recognition for quiescence as a strategy for survival during 
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submergence, conserving energy (Bailey-Serres and Voesenek, 2008) during restricted O2 
supply. This is the most likely route to improved waterlogging tolerance in field-grown cotton.  
Alcoholic fermentation is the most important fermentative pathway in plants (ap Rees et al., 
1987), during which pyruvate is first converted into acetaldehyde by pyruvate decarboxylase 
(PDC), and then into ethanol by alcohol dehydrogenase (ADH). Lehle et al. (1991) confirmed 
that ethanolic fermentation is the major metabolic pathway for energy generation in hypoxic 
cotton seeds. They exposed germinating seeds to moderate hypoxia (6 – 9 mmol O2 mol
-1
) and 
observed production rates of 439 and 10 nmol seed
-1
 h
-1
 ethanol and acetaldehyde, respectively. 
However, radicle growth was significantly reduced at these relatively low fermentation rates 
compared with tolerant plants (Table 2.2), indicating that cotton seeds generate insufficient 
energy from fermentation under waterlogging or that acetaldehyde toxicity impedes growth. This 
does not preclude engineering a higher level of fermentation in root apices or other tissues during 
waterlogging events. In an attempt to increase ethanolic fermentation and subsequent tolerance 
to O2 deficiency, Ellis et al. (2000) used transgenic cotton lines over-expressing ADH and PDC 
genes. Despite a significant increase (up to 80%) in ethanol production in transgenic line, there 
was no significant increase in hypoxia or anoxia tolerance in terms of growth or plant survival, 
indicating that increased ethanol synthesis (and thus ATP synthesis) alone was not sufficient to 
confer tolerance. During the field studies, the same transgenic lines did not exhibit any 
improvement in yield of WL or non-waterlogged (NWL) cotton compared with their respective 
controls (Bange et al., 2010). Therefore, further biochemical and physiological studies are 
needed to determine the relationship between anaerobic fermentation and the capacity of cotton 
roots to survive under waterlogging in the field. It is likely that more components are involved in 
plant anoxia tolerance than just the few genes regulating fermentation rate.  
There are many possible candidates for proteins (e.g. pumps and enzymes in primary 
metabolism) that could be critical for survival of cotton tissues in anoxia: carbohydrate-
mobilising enzymes, ion transporters and ROS scavengers (Gill and Tuteja, 2010) are some 
potential targets. Tolerance to toxic molecules such as acetaldehyde and metal ions also deserves 
attention.  
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Table 2.2 Variation in ethanol synthesis in different plant organs under oxygen deficit 
Species  Plant organ  Oxygen concentration Ethanol synthesis rate  Reference  
 
 
Cotton  
Seeds 
Roots 
Transgenic roots 
9 ± 4mmol O2 mol
-1
 0.44 μmol h-1 seed-1 (Lehle et al., 1991) 
Hypoxia (5% O2) 
0.05  μmol g-1 FW h-1 
0.06 – 0.1 μmol g-1FW h-1 
(Ellis et al., 2000) 
 
 
 
Rice  
Whole plant (14 d) 
Shoots (14 d) 
Roots (14 d)  
Coleoptiles 
Anoxia (N2) 20 h 
28 μmol g-1 FW h-1  
(Mustroph et al., 2006) 
 
Edwards et al., 2012 
Anoxia (N2) 4 h  
50 μmol g-1 FW h-1 
2.5 μmol g-1 FW h-1 
Hypoxia (3% O2) 
Anoxia (N2) 
5.2 – 8.3 μmol g-1 FW h-1 
6.8 – 9.7 μmol g-1 FW h-1 
Maize  Root tips (3 d Pre-hypoxic) Anoxia (N2) 8 h 15.7 μmol g
-1
 FW h
-1
 (Xia and Saglio, 1992) 
Lettuce Roots (5 d) Anoxia (N2) 6 h 1.8 μmol g
-1 
FW h
-1
 (Kato-Noguchi, 2000) 
Wheat  
Shoot (9 d)  
Roots (9 d) 
Anoxia (N2) 4 h 
1.1 μmol g-1 FW h-1 
1.3 μmol g-1 FW h-1 
(Mustroph et al., 2006) 
Arabidopsis  
Shoots  
Roots (4 wk) 
Hypoxia (5% O2) 
0.23 μmol g-1 FW h-1 
0.04 μmol g-1 FW h-1 
(Ismond et al., 2003) 
Tobacco  
Root apex 
Root tissues (5- to 7-week) 
Anoxia 4 h 
0.04 μmol g-1 FW h-1 
4.5 μmol g-1 FW h-1 
(Tadege et al., 1998) 
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2.4.3 Anaerobic polypeptides (ANPs) - old and new candidates 
Oxygen deficiency up-regulates the expression of a select group of genes that encode for stress 
tolerance pathways in plants (Baxter-Burrell et al., 2002). This set of proteins has been termed 
anaerobic polypeptides (ANPs), although it should be emphasised that the exact composition of 
this group remains open to debate. Enzymes such as PDC, ADH and sucrose synthase (SuSy) are 
all critical for the breakdown of sucrose in glycolysis and subsequent fermentation (Subbaiah 
and Sachs, 2003) and are undoubtedly ANPs. Variable numbers of what we define as ANPs are 
nominated for different plant species (Millar and Dennis, 1996). The advent of modern 
technologies and informatics (e.g. sophisticated proteomics and RNA sequencing) will doubtless 
reveal new candidates for tolerance, including transcription factors (e.g. ethylene-responsive 
factors) and other regulatory molecules. Proteomic studies should be conducted in diverse cotton 
germplasm and waterlogging intensities in order to define the ANPs that characterise WL root 
tissues.  
2.4.4 Other genetic improvement or selecting natural mutants  
While ADH and PDC are essential fermentative enzymes that enable breakdown of sugars for 
energy production (Fig. 2.5), the supply of substrates is critical. Generation of phosphorylated 
sugars from sucrose via SuSy is an energetically favourable means of sustaining glycolysis 
(Huang et al., 2008) and supporting sucrose metabolism during post-stress recovery (Santaniello 
et al., 2014). Increased activity of SuSy is reported in root tissues of relatively anoxia-tolerant 
plant species such as rice and maize during anoxia, whereas lower tolerance to anoxia in SuSy 
knockout mutants of maize suggested a critical role of SuSy in energy conservation during O2 
deficiency (Ricard et al., 1998). Invertases provide an alternative means of sucrose hydrolysis, 
releasing free monosaccharides at the cost of additional ATP for subsequent sugar 
phosphorylation. The relative contribution of these two mechanisms to sucrose breakdown 
deserves closer attention in waterlogging-intolerant species such as cotton.  
Challenging a commonly held view that SuSy is the preferred pathway of sucrose breakdown to 
sustain glycolysis in low O2 conditions (Huang et al., 2008), Santaniello et al. (2014) suggested 
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that both sucrose synthase and invertase play an important role in sucrose metabolism under O2 
deficiency. No variation in ethanol production, energy status or waterlogging tolerance was 
observed between wild type and SuSy knockout mutants. Sucrose metabolism is particularly 
important during periods of high energy demand such as follows a flooding event, when anoxia-
tolerant plants can augment ATP yield through a ‘Pasteur Effect’ by accelerating glycolysis 
(Gibbs and Greenway, 2003). The capacity of roots to sustain substrate supply for a Pasteur 
Effect could be a goal for improved anoxia tolerance in cotton. An alarmingly rapid decline in 
expression of SuSy and ADH genes that regulate key catabolic and fermentative processes was 
observed in cotton roots within a short time after waterlogging (48 – 96 h), reflecting the poor 
tolerance of commercial G. hirsutum genotypes to hypoxia (Christianson et al., 2010a).  
2.4.5 Pyrophosphate (PPi) 
A possible role of pyrophosphate (PPi) as high-energy donor molecule that can substitute for 
some of the roles of ATP has been suggested in plants that survive O2 deficits (Carystinos et al., 
1995, Atwell et al., 2015). Transcriptomic and proteomic studies indicated that anoxia activates a 
PPi-dependent step during energy metabolism, which directs scarce energy supplies to essential 
PPi-dependent reactions such SuSy, PPi-PFK, PPDK and a proton transporting vacuolar PPiase 
in anoxia-tolerant species (Pestsova et al., 2008, Howell et al., 2009). A shift in the energy 
source from ATP to PPi helps plants to meet their energy requirements and stabilises membrane 
charge via solute transport and H
+
 pumping (Atwell et al., 2015). With relatively few genes 
involved in engineering improved anoxia tolerance via PPi metabolism, and a precedent in rice 
where vacuolar PPiase contributes to tolerance (Liu et al., 2010), this is an avenue that should be 
considered in cotton.  
2.4.6 Non-symbiotic haemoglobins (nsHbs) 
Nitric oxide (NO) has been identified as a signalling molecule synthesised in plant and animal 
tissues in response to O2 deficiency (Igamberdiev and Hill, 2004). If unregulated, NO and its 
precursor, nitrite, would cause functional damage to plants (Hill, 2012). However, the realisation 
that NO is part of an important signalling system and potentially energy transduction in plants 
has cast a new light on the importance of this molecule. In hypoxia-tolerant plants, cellular O2 
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deficiency up-regulates expression of the Hb genes glb1 or glb2 which leads to synthesis of 
nsHbs and scavenging of NO, ethylene and ROS (Zhao et al., 2008). Because nsHbs has such a 
high affinity for O2, in its oxidised form it can convert NO to nitrate and thereby drive a cycle 
that ultimately oxidises NADH to NAD
+
 and supports ATP regeneration (Sairam et al., 2009). 
Increased expression of the nsHbs gene, GhHb1, is reported in cotton as a response to fungal 
attack (Qu et al., 2005), encouraging its application as a stress tolerance mechanism by 
detoxifying highly toxic NO and regulating cellular energy status.  
2.5 Strategies to overcome waterlogging stress 
Cotton cultivated on clay-rich, fine-textured soils often experiences poor drainage during flood 
or furrow irrigation and the situation becomes worse in poorly levelled fields and after rain 
events that cause soil waterlogging and O2 deficiency within hours to days under warm growing 
conditions. Recent advances in production systems have substantially improved productivity in 
cotton crops through appropriate field practices such as proper layout design, land levelling, 
increasing slope, scheduling irrigation and foliar fertilisers (Bange et al., 2004). Yield gains in 
commercial cotton crops in waterlogging-prone conditions rely upon these management practices 
although significant improvements in waterlogging tolerance could be made by exploiting 
genotype × management × environment interactions. Optimally, crop management practices 
should inform breeding for improved stress tolerance, drawing on new insights into mechanisms 
and increasing availability of genome sequences (Wang et al., 2012).  
2.5.1 Fertiliser application 
Hypoxia-induced cotton growth and yield reduction could be the result of: 1) nutrient deficiency 
(Bange et al., 2004); 2) increased ethylene accumulation (Christianson et al., 2010a) and/or 3) 
impaired photosynthesis and net carbon fixation per unit of leaf area (RUE). Once the molecular 
O2 level in soil declines, depending on the intensity and duration of waterlogging, a series of 
chemical reactions takes place altering pH as well as nutrient status and availability in the soil 
(Kozlowski and Pallardy, 1984, Rochester, 2001).  
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If waterlogging depletes nutrient supply to plants, exogenous application of fertilisers could 
logically help the plants to recover from injury if nutrient ions can be made to enter a 
compromised root system. Therefore, nutrient species, application method, rate and timing 
should be considered to avoid the negative impact of nutrient imbalance on soil ecology and 
tissue toxicities (e.g. manganese). Incremental supplies of N to WL cotton plants improved 
stomatal resistance, photosynthetic rate and growth (Goswami, 1990). Guo et al. (2010) 
suggested that post-waterlogging N fertilisation (240 kg ha
-1
) could contribute to waterlogging 
tolerance by improving root growth, vigour and photosynthesis in cotton.  
Post-waterlogging fertiliser application has been suggested for ameliorating detrimental effects 
of hypoxia on growth and yield (Ashraf et al., 2011, Guo et al., 2010). Application of fertiliser 
during or just after waterlogging was less effective due to inefficient nutrient absorption capacity 
of impaired roots. Additionally, the applied N may become unavailable for plant uptake due to 
high leaching risks in the wet soils. Similarly, additional N applied at late growth phase of cotton 
could cause excessive vegetative growth and harvesting problems. In essence, the response has 
to be aligned with the growth and yield that can be expected with the season remaining. 
Application of fertilisers 8 d after termination of waterlogging increased the recovery of cotton 
compared with the immediate post-waterlogging application (Li et al., 2013). Similarly, 5 d post-
waterlogging application of additional 20 – 30% fertiliser (above the normal rate) significantly 
increased the growth and yield of WL cotton compared with unfertilised control plants (Wu et 
al., 2012). Hypoxia-induced damage to roots limits nutrient uptake from soil even if excessive 
nutrients are available, therefore, foliar fertiliser application is recommended for WL plants. 
Effectiveness of foliar N has been established by Hodgson and MacLeod (1988), who found that 
pre-waterlogging foliar N application significantly ameliorated deleterious effects of 
waterlogging on cotton lint yield. A foliar spray of iron sulphate (FeSO4) prior to waterlogging 
ameliorated the negative effects of iron chlorosis, returning cotton foliage to its normal colour 
(Rochester, 2001).   
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2.5.2 Role of anti-ethylene agents 
Waterlogging-induced ethylene accumulation in cotton is associated with a wide range of 
injuries and stresses, and is responsible for young fruit abscission (Guinn, 1982). Agents that 
inhibit the synthesis or perception of ethylene (e.g. aminoethoxyvinylglycine (AVG), 
aminoethoxycetic acid (AOA), 1-methylcyclopropene (1-MCP) and cobalt and silver ions) have 
been shown to control ethylene accumulation by blocking the biosynthetic pathway (Yang and 
Hoffman, 1984) or ethylene action (McDaniel and Binder, 2012).  
Application of AVG and 1-MCP has been suggested to limit ethylene-induced damage in many 
crops (Hall and Smith, 1995, Kawakami et al., 2010). Since early fruit shedding in stressed 
cotton is linked with higher ethylene accumulation, application of AVG is proposed to have 
potential for improving yield by limiting fruit abscission. Spraying variable doses of AVG (62.5, 
125g and 250 g [active ingredient] ha
-1
) just prior to waterlogging, Bange et al. (2010) showed 
improved boll number and seed cotton yield of WL cotton. Similarly, positive role of 1-MCP has 
been investigated on water-stressed cotton plants, where it inhibited ethylene action and 
improved physiological processes such as stomatal resistance, water potential and antioxidant 
enzyme activity (Kawakami et al., 2010). In a two-year field study, Brito et al. (2013) recorded a 
positive effect of AVG and 1-MCP on cotton seed and lint yield. They suggested that AVG 
application during the initial reproductive phase is the best time for improving cotton yield both 
under stressed and unstressed conditions. In a recent study, Najeeb et al. (2015a) observed a 
negative correlation between ethylene production and cotton yield during waterlogging, 
suggesting that regulating ethylene production by AVG application can increase both 
photosynthesis and fruit retention of WL cotton. In addition, eliminating ethylene sensitivity (via 
ethylene-insensitive cotton mutant) can significantly improve cotton performance under WL as 
well as under NWL environments (Najeeb et al., unpublished results). As ethylene regulates lint 
production in cotton, engineering ethylene-insensitive plants could result in lower lint yield. 
Thus production of transgenic cotton plants with organ-specific ethylene sensitivity (in 
vegetative organs) may offer a solution to this problem. This approach might have a broader 
application, with transgenic (ethylene-insensitive) plants enhancing abiotic stress tolerance in 
other plants (Sergeeva et al., 2006, Grichko and Glick, 2001).  
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Combined application of fertiliser and growth regulators could be a better option for 
ameliorating WL crops, as the fertilisers ensure nutrient supply, while growth regulators restrain 
physiological damage. However, only a few reports are available on application of plant growth 
regulators for inducing waterlogging tolerance in cotton, and further studies are needed to 
explore role of growth regulators for growth and yield improvement in WL cotton. Post-
waterlogging spray of urea (1%) + potassium chloride (0.5%) in combination with plant growth 
regulators [brassin (0.02 mg L
-1
) + diethyl aminoethyl hexanoate (10 mg L
-1
)] significantly 
increased growth and yield of WL cotton (Li et al., 2013). Pre-waterlogging foliar ABA 
application increased tolerance to subsequent waterlogging-induced injury in cotton through 
improving leaf photosynthesis (Pandey et al., 2001). Improvements in weather forecasting 
signalling major rainfall events would assist in identifying the need to apply foliar fertilisers and 
hormones.  
2.6 Conclusions and future prospects  
This review draws on our knowledge of the physiological and biochemical responses of plants to 
O2 limitation in order to understand how these processes affect growth and yield in cotton (Fig. 
2.5). Waterlogging reduces nutrient availability, oxygen diffusion and cellular respiration, which 
influence plant water relations and impair biomass gain. Yield losses are greatly exacerbated by 
developmental effects of waterlogging, including ethylene-induced abscission of flowers. The 
few field and glasshouse experiments conducted on WL cotton plants reveal no singular 
explanation for growth and yield reduction, implying a need for deeper analysis of gene 
expression patterns and hormonal physiology. In particular, there is a still knowledge gap in our 
understanding of the genetic basis of adaptation to hypoxia in WL soils, made more challenging 
by the narrow range of tolerance observed among cultivated cotton genotypes. The expression 
patterns of genes during short-term hypoxia may provide a clue to critical energy-transducing 
pathways that confer tolerance to transient floods. To improve waterlogging tolerance in the full 
lifecycle of a cotton crop, it will be necessary to identify the connection between environmental 
cues such as soil O2, light levels and temperature and gene expression (e.g. by promoter 
analysis), thereby identifying specific physiological and biochemical mechanisms that enable 
survival. Such information on the response of cotton plants to hypoxia and the post-stress 
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recovery period will assist with conventional and transgenic breeding approaches to enhance 
waterlogging tolerance during both vegetative and reproductive development.  
Earlier studies focused on inducing waterlogging tolerance in cotton through fertiliser 
application, with less attention paid to manipulating hormone physiology. However, my data 
suggest that increased ethylene synthesis is responsible for fruit abscission and yield losses in 
WL cotton and thus there is a need to explore the role of anti-ethylene agents to enhance 
waterlogging tolerance in cotton. Bioengineering could help to reduce the ethylene accumulation 
by modifying the genes that regulate ACC biosynthesis or perception. These approaches could be 
highly effective in conjunction with sound crop management practices.  
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CHAPTER 3: General materials and methods 
3.1 Field experiments 
3.1.1 Site and climate 
Field experiments were conducted at the Australian Cotton Research Institute (ACRI), Narrabri 
(30.318°S, 149.788°E), NSW, Australia during two consecutive years (2012-13 and 2013-14). 
The Narrabri town is situated in the north-west of NSW. It is a major cotton producing region of 
Australia, situated in the Namoi Valley of north-west plains of NSW, Australia. The climate of 
the region is arid to semi-arid with hot summers (daily maximum 35.3°C, minimum 19.4°C)  and 
mild winters (daily maximum 17.0°C, minimum 3.4°C). The region experiences a summer-
dominant rainfall pattern, with an average annual rainfall of 642 mm, and average maximum and 
minimum temperature 26.7°C and 11.6°C, respectively (Australian Bureau of Meteorology, 
2009). The soil of this area is classified as endocalcareous, medium grey Vertosol (Isbell, 1996) 
with 60 – 65% clay fraction, 8.0 – 8.8 pH, and low in organic matter and N contents.  
3.1.2 Cultivar 
A commercial cotton cultivar Sicot 71BRF (Gossypium hirsutum L. [Bollgard II
®
 Roundup 
Ready Flex
®
], CSIRO Australia) (Stiller, 2008) was used for all the field experiments. This 
compact growth habit cultivar is well suited to all Australian production systems (CSD, 2008), 
and since 2009 it has been widely cultivated in Australian cotton growing areas (CSD, 2012). 
The plant contains Cry 1 Ac and Cry 2 Ab genes encoded for resistance to lepidopteron and 
CP4- two copies of EPSPS for tolerance to glyphosate application (Monsanto, St. Louis, MO).  
3.1.3 Soil waterlogging 
Seeds were sown on 23
rd
 October 2012 and 30
th
 October 2013 for the first and second year of 
field experiments, respectively, using a commercial planter with ridges at 1 m apart on a laser-
levelled field. High input management and insect control were practiced throughout the cropping 
seasons (Hearn and Fitt, 1992). The field experiment had three treatment areas, waterlogged at 
early (WLearly) and late (WLlate) reproductive phase and a non-waterlogged control with four 
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replicates of each treatment randomly assigned within each block. The crop was allowed to grow 
till the peak squaring stage (83 and 77 DAP in 2012-13 and 2013-14, respectively), and was then 
exposed to WLearly. Irrigation duration was extended up to 96 h and 120 h by keeping the water 
flowing in central four rows of each WL plot in 2012-13 and 2013-14, respectively. A 2
nd
 
waterlogging (WLlate) treatment was also imposed to a separate set of plots at peak reproductive 
phase (104 and 101 DAP in 2012-13 and 2013-14, respectively) for 120 h during each year. 
These waterlogging treatments have been induced using a similar method employed by Bange et 
al. (2004), who successfully imposed waterlogging and root-zone hypoxia in similar soils. The 
NWL blocks received standard 8 h irrigation at the same time of the WLearly and WLlate 
treatments. 
Some variations in the layout and treatment plan were introduced during the field experiments as 
an attempt to generate treatment effects. In order to induce soil waterlogging, in 2012-13 the 
ridge height of WL plots was kept lower (5 cm) than NWL blocks (15 cm high). Observing a 
significant impact of ridge height on the growth of the WL crop in 2012-13, the ridge height of 
WL and NWL blocks were kept the same (15 cm) in 2013-14.  
3.1.4 Soil moisture 
A calibrated neutron moisture meter (503DR Hydroprobe
®
, CPN International, Martinez, CA) 
was used to measure volumetric soil water (mm) throughout the soil profile from 20 cm to a 
depth of 120 cm. Probe tubes were located in the central row of each treatment plot. A soil 
moisture sensor (Gopher
®
) was also used to determine the soil water content by measuring the 
dielectric constant of soil and water. Increase in soil water content changes the dielectric constant 
values, and a calibrated sensor estimates the volumetric soil water (mm).  
3.2 Yield and yield components 
3.2.1 In field fruit retention 
In order to calculate fruit retention (FR) during the crop development, five randomly selected 
plants from the central row of each treatment plot were tagged. Total number of fruits and 
fruiting sites were recorded from all fruiting branches of each plant one day before waterlogging 
(pre-WL), one day (post-WL) and seven d (post-recovery) after termination waterlogging and at 
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crop maturity (final). The average values were used to calculate fruit retention (FR) of each 
treatment plot from the ratio of retained fruits to total fruiting sites..  
3.2.2 Maturity, quality and yield 
Starting at first open boll, lint from open bolls was collected from one square metre of the central 
row of each plot every week to estimate crop maturity (60%) time. Collected lint was used for 
calculating final seed cotton yield (m
-2
), number of bolls (m
-2
) and weight of individual boll.  The 
seed cotton was ginned using a Continental Eagle 20-saw gin to obtain lint yield and ginning 
turnout. A subsample of lint was taken for determining lint quality such as fibre length, fibre 
strength and micronaire using a high volume instrument (HVI). In addition, at 60% maturity, five 
plants from the central row of each plot were harvested below the cotyledons to measure the final 
fruit number per plant, plant height and total number of nodes per plant.  
3.3 Glasshouse experiments 
3.3.1 Growth conditions 
The first glasshouse experiment was conducted at the Darlington glasshouse, the University of 
Sydney, Australia, while 2
nd
 and 3
rd
 glasshouse experiments were conducted at the Department 
of Biological Sciences, Macquarie University Australia. Seeds of cotton cultivars (specific for 
each experiment) were surface cleaned with distilled water and planted into plastic pots after 
overnight imbibition. The seeds were allowed to germinate in (30 × 24 cm; height × diameter) 
plastic pots each containing 9 kg finely mixed red silt loam Ferrosol soil from Robertson, NSW 
Australia. Fertiliser viz. (MgNO3)2, KNO3, (NH4)2SO4 and NH4NO3 and CaCO3, was added to 
achieve the final nutrient composition as N 0.68, P 0.17, K 1.4, Ca 2.8, S 1.1 and Mg 0.41 g per 
kg of dry soil. Plants were grown under glasshouse conditions at 28/20°C day/night temperature, 
and 14/10 light/dark photoperiod under natural light. The light intensity during the day cycle was 
maintained to a minimum of 400 μ mol m-2 s-1 using supplemented light (Philips Contempa High 
Pressure Sodium lamps). Three plants per pot were germinated and thinned to one plant per pot 
after two weeks of germination.  
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3.3.2 Cultivars 
Different genotypes of cotton were used for each glasshouse experiment. Similar to field 
experiments, Scot 71BRF was used for the first glasshouse experiment. In the second glasshouse 
experiment a relatively waterlogging sensitive cotton cultivar, LA 887 was used along with Sicot 
71BRF. LA 887 is a Fusarium wilt disease-resistant cotton cultivar bred for Louisiana and 
mainly cultivated in USA cotton production systems (Jones et al., 1991). Two cotton genotypes 
with variation in lint production and potentially ethylene sensitivity were used in the third 
glasshouse experiment. A lintless line 5B (lintless), which was originally separated from a fully 
linted cotton cultivar B1278 as a spontaneous mutant (Dr. Alistair Low unpublished, CSIRO 
Irrigation Research, Griffith, NSW). Lintless produces very little or no lint on the seeds. The 
control line was Empire, a fully linted cotton cultivar that is closely related to B1278. Empire is 
also a moderately Fusarium wilt disease-resistant cotton cultivar developed at Georgia USA 
(Smith and Cothren, 1999). 
3.3.3 Waterlogging 
Plants were exposed to waterlogging by immersing the pots into water-filled plastic tubs, 
whereas NWL pots were watered regularly to field capacity. Water level in the tubs was kept 
approximately 3 cm above the soil surface (Fig. 3.1 A).  
 
Figure 3.1 (A) Waterlogging treatment to glasshouse-grown plants and (B) measuring leaf 
CO2 exchange rates using Li-6400  
(A) (B)
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3.4 Physiological parameters 
3.4.1 Gas exchange and fluorescence 
Data on leaf CO2 exchange and chlorophyll fluorescence parameters such as rate of 
photosynthesis (Pn), stomatal conductance (gs), intercellular CO2 concentrations (Ci), electron 
transport rate (ETR), maximal efficiency of PSII photochemistry (Fv'/Fm') and transpiration rate 
(Tr) were collected using a Licor-6400 portable photosynthesis system (Li-Cor Ltd, Lincoln, NE, 
USA) (Fig. 3.1 B).  A pulse amplitude modulated (PAM) leaf chamber fluorometer sensor head 
was used for field experiments. Variables in the sensor head were adjusted to ambient external 
conditions to provide an effective comparison between samples. The reference CO2 
concentration was set at 400 µmol CO2 mol
-1
 using a CO2 mixer. Relative humidity followed 
ambient conditions. The system flow rate was adjusted to maintain a vapour pressure deficit 
between 1.5 and 2.5 kPa. Light intensity of the Licor-6400 leaf chamber was fixed at 2000 and 
1800 µmol m
-2
 s
-1
,
 
for field and glasshouse experiments, respectively. In addition, the PAR value 
in the Licor sensor head was adjusted according to the field conditions e.g. the PAR value was 
fixed at 1800 µmol m
-2
 s
-1 
for cloudy days, compared with 2000 µmol m
-2
 s
-1 
for sunny days. The 
temperature was set at an optimal day temperature range for photosynthesis i.e. 30°C for field 
and 28°C for glasshouse experiments (cf. Burke et al., 1988, Wise et al., 2004). Measurements 
were taken from four leaves per plant of five different plants of each treatment plot during 1000 
and 1230 h (Eastern Summer Time – Australia).  
3.4.2 Total soluble sugar  
The dried ground or fresh leaf samples were used for analysing total soluble sugar contents. 
Sugars from leaf tissues were extracted by 3 aliquots (2.5 mL) of 80% ethanol, and the 
supernatants were combined to make final volume to 10 mL using distilled water. Total soluble 
sugar contents were determined by anthrone assay (Yemm and Willis, 1954). Reaction mixture 
(100 μL of the supernatant + 3 mL anthrone reagent) was placed in boiling water bath for 10 min 
and then immediately cooled on ice. The absorbance was measured at 630 nm, and sugar 
contents in leaf tissues were estimated from the standard glucose curve. Data on total soluble 
sugar were presented on leaf weight basis. 
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3.4.3 Leaf nitrogen  
The dried leaf samples were ground using a sample mill (Foss Tecator Cyclotec 1093), fitted 
with 1.0 mm screen.  Part of the sample (100 mg) was used for analysing leaf N concentrations 
using a CHN analyser (Model CHN 900, LECO, St. Joseph, MI). The leaf N concentrations were 
expressed on leaf N concentration (N %), and leaf area basis (specific leaf N, mg cm
-2
). 
3.4.4 Ethylene measurements  
Ethylene accumulation was measured from plant tissues at the end of waterlogging. To measure 
ethylene production, the tissues samples were transferred into 25 mL glass vials and the vials 
were immediately sealed with rubber septa. Gas samples (1 mL) were withdrawn from the vials 
after 20 – 30 min (Jackson and Campbell, 1976). Ethylene concentrations were determined by 
injecting gas samples into PYE series 104 gas chromatograph fitted with a flame ionisation 
detector (FID) and equipped with activated aluminium coated glass column. The oven, detector 
and injector temperatures were set at 150°C, 120°C and 120°C, respectively, and ethylene was 
detected after 50 sec. The fresh biomass of the leaf tissues was determined after ethylene 
detection, and ethylene synthesis rates were calculated as nmol g
-1
 FW h
-1
. 
3.5 Data analysis 
Data for different growth parameters were statistically analysed using JMP v. 9 (SAS Institute, 
Cary, NC, USA) statistical program. Linear mixed model REML (Residual Maximum 
Likelihood) was used to analyse the individual and interactive effects of each treatment i.e. 
waterlogging and shade. Respective means were compared using the Tukey's HSD test. Data on 
growth and yield were separately analysed for each waterlogging event (early and late).  
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CHAPTER: 4 Low incident light can increase yield losses in partially 
waterlogged cotton by restricting photosynthesis 
4.1 Introduction 
Erratic heavy rainfall events are becoming more common in many cotton growing regions of the 
world, causing transitory soil waterlogging and yield losses in cotton (CRC, 2010-11). Growth 
and yield reduction in waterlogged (WL) plants are associated with inhibited oxygen availability 
the in soils (Najeeb et al., 2015c). Due to absence of functional root aerenchyma and poor 
fermentative capacity, cotton is relatively sensitive to waterlogging-induced O2 deficiency in 
soils. Waterlogging impairs nutrient uptake (Setter et al., 2009), leaf expansion, photosynthetic 
efficiency and final yield in cotton (Bange et al., 2004, Zhang et al., 2015). In addition, increased 
ethylene production in WL cotton tissues can stimulate fruit loss (Najeeb et al., 2015a). Efforts 
have been made to increase waterlogging tolerance through management techniques. However, 
limited genetic variation in waterlogging tolerance of cotton (Conaty et al., 2008) narrows the 
scope of improving its performance to WL environments through conventional breeding.  
Heavy rainfall events are also often associated with cloudy weather, which further reduces the 
availability of solar radiation to crops experiencing waterlogging damage. Last 15 years of 
climate data indicated that annual rainfall is negatively correlated with the average amount of 
radiation received in the Narrabri region (Fig. 1 Appendix). Simulating low light environments 
using shade (8 d) had negative effects on cotton growth and yield (Zhao and Oosterhuis, 2000). 
Accelerated abscission of developing fruits is one of the major reasons for yield losses in shaded 
cotton. In addition, shade can modify leaf development, nutrient uptake, photosynthetic capacity 
and biomass accumulation in cotton, and thus inhibit production of new fruits (Echer and 
Rosolem, 2015).  
Depending upon the species and intensity of stress, waterlogging and shade may operate 
independently or interact in a way that one factor amplifies or lessens the effect of the other 
(Lenssen et al., 2003). For example, as both waterlogging and shade can restrict development of 
new fruiting nodes and accelerate fruit abscission (Echer and Rosolem, 2015, Najeeb et al., 
2015a), one could expect that shading amplifies yield losses in WL cotton (Li et al., 2012). 
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Waterlogging inhibits leaf expansion (Tan et al., 2008, Bange et al., 2004), while shaded plants 
tend to develop broader leaves for enhancing light interception. Thus, reduced incident light may 
reduce the negative effects of waterlogging on cotton by increasing leaf expansion (Zhao and 
Oosterhuis, 1998, Terashima et al., 2001). Alternatively, higher carbohydrate consumption in 
hypoxic roots (Lekshmy et al., 2015) may impede carbohydrate investment and morphological 
adjustments in leaves, reversing the positive effects of shade.  
Despite studying the effect of individual stresses, limited information is available on cotton 
response to combined low light conditions and waterlogging (Liu et al., 2000). Thus 
understanding of the interactive effects of waterlogging and shade on cotton growth and yield 
may help crop managers to devise crop protection techniques for multiple stress events, 
especially as waterlogging events often coincide with sustained reduced incident light levels. 
Field-grown cotton crop was exposed to waterlogging and shade, hypothesising that low light 
(shaded) conditions will further amplify the waterlogging-induced damage to cotton. These 
experiments: (1) probed the mechanisms of waterlogging- and shade-induced damage to cotton 
growth and yield and (2) addressed how the two stresses interact to influence cotton yield when 
these occur simultaneously.  
4.2 Material and methods 
4.2.1 Field layout and treatment  
A commercial cotton cultivar Sicot 71BRF was used in this study. The experiments were 
conducted in a split-plot design with four replicates of each treatment. The water treatments were 
assigned as the main treatment plots, while shade treatments as sub-plots. Each replicate plot was 
8 × 8 m, with a 2 m path, separating each plot.  
The central four rows of designated plots were exposed to waterlogging at early (WLearly) and 
late (WLlate) reproductive. Non-waterlogged (NWL, early and late) plots were irrigated for 8 h 
for each irrigation event during both years (for further detail see Chapter 3, Section 3.1.3). One 
day prior to the start of waterlogging, the central four rows of the designated WL and NWL plots 
were covered with shade structures (4 × 4 × 1.5 m length, width and height, respectively) 
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removing 50% of the total incident solar radiation (Abshade Premium Grade Commercial 
Horticultural Shadecloth) (Fig. 4.1).  
 
Figure 4.1 (A) Field-grown crop exposed to soil waterlogging and shade, (B) changes in leaf 
colour after 9 d of continuous shade  
In 2012-13 the crop was shaded for 6 d, but observing no significant effect of shade on growth 
and yield, the shading duration was extended to 9 d in 2013-14. The level of total incident daily 
solar radiation (MJ m
-2 
d) received was measured at a fully serviced weather station during the 
shading period. Although, 2013-14 had greater incident radiation than 2012-13, the level of daily 
solar radiation remained almost constant during each treatment period (Fig. 4.2 A). The 
accumulated incident solar radiation received during the shading periods was also calculated 
separately for each year and did differ greatly between the years (Fig. 4.2 B). The plants under 
shade structures received 50% lower PAR than unshaded plants. Although, there was no 
variation in the accumulated PAR received during early or late waterlogging treatments, the 
plants shaded for 9 d received 43% less PAR than the plants shaded for 6 d only (Fig. 4.2 C). 
(A) (B)
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Figure 4.2 (A) Changes in the level of daily total solar radiation received above the crop 
and shade structures in the cotton field, (B) accumulative radiation during the shade 
duration above the crop and shade structures in the cotton field (C) Changes in PAR level 
in shaded and un-shaded crop. 
Duration of crop shading is indicated by the different colour braces (blue = 2012-13 and red = 
2013-14) on different dates (x-axis) in Fig. 4.2 A. 
4.2.2 Maturity, quality and yield 
Lint from 1 m
2
 of the central row of each treatment plot was manually collected at crop maturity 
to calculate yield and yield components. The collected lint samples were ginned using a 
Continental Eagle 20-saw gin. The lint was used to calculate final lint yield m
-2
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the central row of each plot were also harvested at crop maturity to measure shoot length and 
total number of nodes per plant.  
4.2.3 Leaf gas exchange and fluorescence 
Changes in leaf CO2 exchange and chlorophyll fluorescence parameters of cotton such as rate of 
photosynthesis (Pn), stomatal conductance (gs), electron transport rate (ETR), maximal efficiency 
of PSII photochemistry (Fv'/Fm') in response to waterlogging, shade and WL + shade were 
recorded at the termination of treatments (waterlogging and shade) at early reproductive phase. 
Data were collected from the youngest fully expanded leaves using a Li-6400 portable 
photosynthesis system with a PAM leaf chamber and fluorometer sensor head (for further detail 
see Chapter 3, Section 3.4.1). 
4.2.4 Leaf growth, total soluble sugars and N  
Data on specific leaf area, N concentrations and total soluble sugar contents were analysed for 
plants exposed to waterlogging and shade during early reproductive growth phase from 2013-14 
season at post-WL and post-recovery. Six youngest fully expanded leaves were collected from 
each treatment plot (control, shaded, WL and WL + shade). Leaf area of these samples was 
measured using the LICOR LA-3100 planimeter and the samples were oven dried at 65°C for 72 
h to measure dry biomass. Specific leaf area (SLA) of these leaves was calculated using the 
method employed by Bange et al. (2004); 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 =
𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎
𝑙𝑒𝑎𝑓 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 
The dried samples were ground to powder and used for analysing leaf N concentration with a 
CHN analyser (Model CHN 900, LECO, St. Joseph, MI). The leaf N concentrations were 
expressed on concentration (N%), and leaf area basis (specific leaf nitrogen, SLN). Total soluble 
sugar contents of the dried ground leaves were determined by anthrone assay (for further detail 
see Chapter 3, Section 3.4.2 & 3.4.3).  
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4.2.5 Data analysis 
Data for different growth parameters were statistically analysed using JMP v. 9 (SAS Institute, 
Cary, NC, USA) statistical program. Linear mixed model REML (Residual Maximum 
Likelihood) was used to analyse the individual and interactive effect of each treatment i.e. 
waterlogging and shade. Respective means were compared using the Tukey's HSD test. Data on 
growth and yield were separately analysed for each waterlogging event (early and late). In 
addition, for fruit retention and total number of fruits per plant, data were analysed separately for 
each time of measurement.  
4.3 Results 
4.3.1 Fruit retention  
At the beginning of treatment (83 or 77 DAP), cotton plants had retained > 85% of their fruits 
(denoted FR), however, the FR under all treatments (WL or NWL) declined with time (Fig. 4.3). 
Waterlogging at early reproductive phase significantly reduced post-WL and post-recovery FR 
during both seasons (Fig. 4.3 A & C) although the effect of WLlate on post-WL FR was 
significant only during 2012-13 (Fig. 4.3 B & D). The difference between FR of WL and NWL 
plants was insignificant at maturity.  
Cotton showed an immediate response to long- or short-term shade, with a significant reduction 
in post-WL FR (2012-13 and 2013-14) both at early and late reproductive growth phases (Fig. 
4.3 A-D). The effect of shade on FR of cotton became non-significant 7 d after termination of 
shade, except the plants shaded for 9 d at early reproductive phase, which experienced reduced 
FR (P < 0.05) at post-recovery and maturity (Fig. 4.3 C). Shade 6 d slightly increased post-WL 
FR of WL cotton in 2012-13 (Fig. 4.3 A, waterlogging × shade, P < 0.05), but it decreased 
(12%) in 2013-14 (Fig. 4.3 C).  
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Figure 4.3 Changes in fruit retention (%) of cotton in response to waterlogging and shade 
(A) waterlogging at early reproductive phase [83 d after planting (DAP)] and 6 d of shading 
(2012-13); (B) waterlogging at late reproductive phase (104 DAP) and 6 d of shading (2012-13); 
(C) waterlogging at early reproductive phase (77 DAP) and 9 d of shading (2013-14); (D) 
waterlogging at late reproductive phase (101 DAP) and 9 d of shading (2013-14).  
Data were separately analysed for each time of measurement. Values are the mean of four 
independent replications with (±) standard error. 
Pre-WL = pre-waterlogging (one day before waterlogging); post-WL = post-waterlogging (one 
day after waterlogging; post-recovery = 7 d after termination of waterlogging; final = at crop 
maturity. 
NS = effect of treatment is not significant at P < 0.05; * = effect of treatment is significant at P < 
0.05. 
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4.3.2 Fruit production 
Reproductive structures (sum of squares, flowers and bolls) increased in number and peaked at 
termination of WLearly, after which the total number of fruits per plant declined (Fig. 4.4). WL 
plants (early or late) retained lower (P < 0.05) number of fruits compared with NWL plants at 
each time of measurement (post-WL, post-recovery and final) in 2012-13 (Fig. 4.4 A & B). In 
2013-14, the effect of WLearly was significant on post-recovery and final fruits only, but WLlate 
had no effect on fruit numbers at any growth phase (Fig. 4.4 C & D). WLearly caused 25% and 
16% reduction in final fruit number in 2012-13 and 2013-14, respectively. Significantly, lower 
pre-WL fruits in the WLlate plots (low ridges) compared with the plants in control plots in 2012-
13 (Fig. 4.4 B) suggested that fruit development in the low-ridge grown plants was affected by 
irrigation events prior to waterlogging. Thus fruit loss by WLlate in 2012-13 was primarily 
intensified by low ridges rather than waterlogging treatment alone.  
Exposure to shade for 6 or 9 days (d) significantly reduced post-WL fruits during both years 
(Fig. 4.4), although the effect on post-recovery and final fruits was significant only in the plants 
exposed to extended shade (9 d) at early reproductive growth phase. Long-term shade reduced (P 
< 0.05) fruit number in WL plants (Fig. 4.4 C). In addition, shade (9 d) at early reproductive 
phase caused higher fruit loss in NWL than WL plants (waterlogging × shade, P < 0.05). NWL 
and WL plants under shade produced 38% and 6% fewer fruits, respectively, compared with 
their respective non-shaded plants at post-recovery (Fig. 4.4 C). 
4.3.3 Leaf gas exchange parameters 
Most of the gas exchange and chlorophyll fluorescence parameters such as Pn, Fv'/Fm' and ETR 
of the youngest fully expanded cotton leaves were reduced (P < 0.05) by WLearly during both 
years (Table 4.1). WL plants exhibited 11%, 9% and 14% reduction (averaged across both years) 
in Pn, Fv'/Fm' and ETR, respectively, compared with NWL controls. No significant effect of 
short-term shade (6 d) was observed on leaf gas exchange (2012-13) but extended shade (9 d) 
reduced (P < 0.05) these parameters in NWL cotton (2013-14). Long- or short-term shade further 
reduced the leaf gas exchange and chlorophyll fluorescence parameters of WL cotton, but gs 
remained unaffected by short-term shading (waterlogging × shade, P < 0.05).  
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Figure 4.4 Changes in number of fruits (plant
-1
) in cotton in response waterlogging and 
shade 
(A) waterlogging at early reproductive phase [83 d after planting (DAP)] and 6 d of shading 
(2012-13), (B) waterlogging at late reproductive phase (104 DAP) and 6 d of shading (2012-13), 
(C) waterlogging at early reproductive phase (77 DAP) and 9 d of shading (2013-14) and (D) 
waterlogging at late reproductive phase (101 DAP) and 9 d of shading (2013-14).  
Data were separately analysed for each time of measurement. Values are the mean of four 
independent replications with (±) standard error. 
 Pre-WL = pre-waterlogging (one day before waterlogging); post-WL = post-waterlogging (one 
day after waterlogging; post-recovery = 7 d after termination of waterlogging; final = at crop 
maturity; NS = effect of treatment is not significant at P < 0.05; * = effect of treatment is 
significant at P < 0.05. 
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Table 4.1 Changes in leaf gas exchange parameters of cotton exposed to waterlogging and shade at early reproductive growth 
phase (81 d after planting in 2012-13 and 77 d after planting in 2013-14) 
   2012-13 2013-14 
Treatment Pn (μmol CO2 
m
-2
 s
-1
) 
gs (mol H2O 
m
-2
 s
-1
) 
Fv'/Fm' ETR Pn (μmol 
CO2 m
-2
 s
-1
) 
gs (mol H2O 
m
-2
 s
-1
) 
Fv'/Fm' ETR 
Control 37.7 0.89 0.64 272.1 36.1 0.91 0.62 281.6 
Shade 35.5 0.84 0.53 268.4 32.3 0.79 0.47 259.3 
Waterlogging  32.2 0.83 0.53 242.5 33.3 0.87 0.55 258.6 
Shade + waterlogging 31.7 0.88 0.48 241.2 31.2 0.92 0.47 234.9 
REML  P values        
Shade 0.164 0.068 0.242 0.250 0.015 0.046 0.015 0.003 
Waterlogging <.0001 0.071 0.024 <.0001 0.038 0.245 0.037 0.027 
Waterlogging × shade 0.109 0.021 0.118 0.260 0.651 0.047 0.145 0. 615 
Data were collected one day after termination of waterlogging. Values are the mean of four replications; the significant (P < 0.05) 
effects of the treatment are shown in bold in the REML table. 
Pn = rate of photosynthesis; gs = stomatal conductance; Fv'/Fm' = maximal efficiency of PSII photochemistry; ETR = electron 
transport rate. 
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4.3.4 Leaf nitrogen  
Considering the stronger effect of both treatments (waterlogging and shade) on growth and yield 
of cotton at the early reproductive growth phase, data on leaf N, SLA and total leaf sugar 
contents were analysed for this period alone. Waterlogging reduced (P < 0.05) leaf N 
concentration (calculated on N % or on leaf area basis) at post-WL, and the plants showed no 
recovery in leaf N concentrations 7 d after termination of waterlogging (Table 4.2). WL leaves 
had 18% and 21% lower N concentration (N %) at post-WL and post-recovery, respectively, 
compared with their respective NWL leaves.  
Long-term shade (9 d) significantly increased post-WL leaf N (%) concentration in cotton. 
Shaded WL and NWL leaves contained 25% and 8% higher N concentration (%), respectively, 
compared with their respective non-shaded leaves at the termination of shade. However, N 
concentration of shaded leaves, when calculated on leaf area basis (SLN) were significantly 
reduced (Table 4.2). For example, NWL and WL shaded leaves experienced 19% and 15% 
reduction in SLN, respectively, compared with their respective non-shaded leaves. N 
concentration (N %, or SLN) in WL or NWL leaves were significantly reduced by shade a week 
after the termination of waterlogging. 
4.3.5 Specific leaf area 
The variable effects of shade on leaf N concentration were further elucidated by calculating 
changes in leaf development in terms of specific leaf area (SLA, leaf area per unit leaf dry 
weight). WLearly had no significant effect on SLA of cotton at post-WL; however, it significantly 
reduced the SLA at recovery (Table 4.2). Shade treatment (9 d), by contrast, significantly 
increased the SLA in WL and NWL leaves at post-WL. Shaded WL and NWL leaves had 25% 
and 30% higher SLA, respectively, compared with their respective non-shaded leaves. Shade-
induced changes in SLA in NWL or WL leaves became non-significant a week after termination 
of shade (Table 4.2).   
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4.3.6 Total soluble sugar contents 
Both WLearly and shade significantly influenced the total soluble sugar contents in cotton leaves 
at post-WL, although their effect became non-significant at post-recovery (Table 4.2). At the end 
of waterlogging, WL leaves had 23% higher leaf sugar compared with NWL leaves. In contrast, 
shaded leaves had 34% and 20% lower sugar contents under WL and NWL conditions, 
respectively, compared with their respective non-shaded leaves (Table 4.2).  
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Table 4.2 Post-waterlogging and post-recovery changes in leaf nitrogen concentrations (N %) and specific leaf area (SLA) of 
cotton exposed to waterlogging and shade at early reproductive phase (77 d after planting in 2013-14) 
Data were collected one day (post-waterlogging) and 7 d after termination of waterlogging (post-recovery); values are the mean of 
four replications. The significant (P < 0.05) effects of treatments are shown in bold in the REML table. 
DW = dry weight; N = nitrogen; SLN = specific leaf nitrogen; SLA = specific leaf area; TSS =  total soluble sugars.  
 
Treatment 
Post-waterlogging Post-recovery 
Leaf N 
(%)  
SLN (g 
cm
-2
) 
TSS (mg g
-1
 
leaf DW) 
SLA (cm
2 
g
-1
)  
Leaf N 
(%)  
SLN (g cm
-2
 
leaf area) 
TSS (mg g
-1
 
leaf DW) 
SLA (cm
-2 
g) 
Control 4.00 3.07 79.9 130.3 3.99 3.31 80.2 120.8 
Shade 4.28 2.48 61.4 173.2 3.64 2.90 78.6 125.1 
Waterlogging  3.27 2.68 99.9 122.2 3.14 2.92 84.7 108.3 
Shade  + 
waterlogging 
4.10 2.35 65.9 174.8 2.77 2.54 83.9 110.1 
REML    P values        
Shade 0.024 0.046 0.027 0.0001 0.042 0.045 0.152 0.472 
Waterlogging 0.008 0.014 0.004 0.217 0.001 0.011 0.784 0.013 
Waterlogging × 
shade 
0.437 0.261 0.135 0.492 0.699 0.559 0.938 0.248 
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4.3.7 Cotton yield and yield components 
Waterlogging at early reproductive phase significantly reduced cotton yield and yield 
components during both seasons (Table 4.3). The plants exposed to WLearly had 21% and 14% 
lower lint yield compared with NWL-control plants, in 2012-13 and 2013-14, respectively. This 
yield reduction in cotton was attributed to lower number of bolls produced (19%) and reduced 
boll weight (7%) in 2012-13, although, in 2013-14 waterlogging had no significant effect on boll 
weight (Table 4.3). WLearly also caused 20% and 17% reduction in shoot length and number of 
nodes, respectively, resulting in an early crop maturity in 2012-13 (Table 4.3) but it had no effect 
on these growth components in 2013-14 (Table 4.4).  
The plants exposed to WLlate showed 19% and 10% lower lint yield compared with their 
respective NWL controls, in 2012-13 and 2013-14, respectively. No significant change in other 
yield components such as boll weight, shoot length, number of nodes and days to maturity was 
observed under WLlate, except the number of bolls, which were significantly reduced in 2012-13. 
Short-term shade (6 d) had no significant effect on cotton lint yield but extended shade (9 d) at 
any reproductive growth phase reduced (P < 0.05) cotton lint yield (Table 4.3 & 4.4). Shade (9 
d) caused relatively greater yield losses in NWL plants (19%) at early reproductive growth phase 
compared with the NWL plants (14%) at late reproductive phase (Table 4.4). Long- or short-term 
shade alone had no significant effect on any of the yield components such as shoot length, node 
number and days to maturity, except number of bolls were significantly reduced when shaded (9 
d) at early reproductive phase (Table 4.3 & 4.4). Short-term shade at early reproductive phase 
increased shoot length and number of nodes in WL cotton (waterlogging × shade, P < 0.05), 
although, other yield components cotton remained unaffected by long- or short-term shade 
(Table 4.3 & 4.4). Shade (9 d) intensified damage to WL cotton (from 14% in WL only to 22% 
in WL + shade) when the effect of WLearly alone was relatively small (waterlogging × shade, P < 
0.05, Table 4.3). In contrast, shade (6 d) slightly increased yield losses in a severely waterlogged 
crop (from 21% to 24%) in 2012-13. Shade (6 d) had no significant effect on lint yield of WL 
cotton at late reproductive phase (Table 4.4).  
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Table 4.3 Changes cotton growth and yield in response waterlogging and shade treatments applied at early reproductive phase 
(81 d after planting in 2012-13 and 77 d after planting in 2013-14) 
Data were collected at crop maturity.  
Values are the mean of four replications. The significant (P < 0.05) effects of the treatment are shown in bold in the REML table. 
 
 
  
Treatment  
2012-13  2013-14 
Lint 
yield 
(m
-2
)  
No. of 
bolls 
(m
-2
) 
Boll 
weight 
(g) 
Shoot 
length 
(cm) 
No. of 
nodes 
plant
-1
 
Days to 
(60%) 
Maturity 
Lint 
yield 
(m
-2
) 
No. of 
bolls 
(m
-2
) 
Boll 
weight 
(g) 
Shoot 
length 
(cm) 
No. of 
nodes 
(plant
-1
) 
Days to 
(60%) 
Maturity 
Control 270 125 4.9 93 22.5 162 267 132 4.6 89 22.2 162 
Shade 260 113 5.2 87 21.1 163 217 110 4.5 85 21.5 163 
Waterlogging  214 101 4.6 77 18.5 159 230 115 4.4 83 19.7 161 
Shade + 
waterlogging 
206 99 4.5 82 20.9 159 213 106 4.6 86 20.2 162 
REML 
  
 P values 
Shade 0.502 0.290 0.839 0.314 0.201 0.654 0.009 0.015 0.590 0.251 0.139 0.188 
Waterlogging 0.001 0.002 <.0001 <.0001 <.0001 0.003 0.039 0.022 0.196 0.167 0.052 0.116 
Waterlogging 
× shade 
0.974 0.176 0.235 0.029 0.031 0.495 0.031 0.275 0.495 0.154 0.574 0.546 
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Table 4.4 Changes cotton growth and yield in response to waterlogging and shade treatments applied at late reproductive 
phase (104 and 101 d after planting in 2012-13 and 2013-14, respectively) 
Data were collected at crop maturity. 
Values are mean of four replications. The significant (P < 0.05) effects of the treatment are shown in bold in the REML table. 
Treatment 
2012-13  2013-14 
Lint 
yield 
(m
-2
)  
No. of 
bolls 
(m
-2
) 
Boll 
weight 
(g) 
Shoot 
length 
(cm) 
No. of 
nodes 
plant
-1
 
Days to 
(60%) 
maturity 
Lint 
yield 
(m
-2
) 
No. of 
bolls 
(m
-2
) 
Boll 
weight 
(g) 
Shoot 
length 
(cm) 
No. of 
nodes 
plant
-1
 
Days to 
(60%) 
maturity 
Control 270 125 4.9 93 22.4 160 276 134 4.6 91 22.5 161 
Shade 245 112 5.0 89 22.4 160 238 119 4.5 89 21.2 163 
Waterlogging  219 102 4.5 88 19.5 158 245 124 4.5 88 21.5 158 
Shade  + 
waterlogging 
205 93 4.6 89 20.5 157 248 123 4.5 83 20.7 162 
REML 
  
P values           
Shade 0.065 0.071 0.972 0.484 0.071 0.501 0.041 0.108 0.245 0.058 0.707 0.628 
Waterlogging 0.003 <.0001 <.0001 0.013 <.0001 0.012 0.195 0.538 0.852 0.055 0.074 0.147 
Waterlogging 
× shade 
0.169 0.590 0.079 0.533 0.142 0.716 0.053 0.142 0.420 0.128 0.158 0.570 
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4.4  Discussion 
Inhibited O2 supply to the cotton root zone impaired various processes of plant development, 
especially carbon assimilation. Waterlogging damage was further intensified by restricted access 
to intercepted radiation by the crop canopy. Negative effects of individual stresses i.e. 
waterlogging and shade on growth and yield of cotton have already been documented (Zhang et 
al., 2015, Echer and Rosolem, 2015), however, limited data are available on cotton responses to 
the combined stresses of WL and shade (Liu et al., 2000).  
The first objective of this study was to explore the mechanism of waterlogging- and shade-
induced yield losses in cotton. Both WLearly and extended shade (9 d), alone or in combination, 
significantly reduced cotton yield and yield components (Table 4.3). Consistent with previous 
studies, where boll size and lint percentage of cotton responded more conservatively to stress 
(Bange et al., 2004, Gerik et al., 1994), a greater impact of these stresses (waterlogging or shade) 
was observed on final boll numbers (Fig. 4.4, Table 4.3). No significant effect of waterlogging 
on FR at maturity suggested that waterlogging-induced fruit loss should be measured soon after 
the termination of stress. It is most likely that the NWL plants continued to produce new fruit 
that were later shed, reducing the difference in FR between WL and NWL at maturity. Thus 
estimating yield losses on the basis of FR alone may not be useful, instead number of bolls 
provided a better estimation of stress-induced yield loss at maturity. In this study, no attempts 
were made to specifically identify the fruits at harvest that were affected by the treatment 
periods. 
Total number of fruits measured at maturity was significantly affected by both WL and shade 
treatments. Lower number of bolls produced in WL plants could be associated with poor 
carbohydrate supply to developing fruits in shaded cotton (Zhao and Oosterhuis, 1999). Other 
factors such as inhibited plant growth and fruiting node development (Table 4.3) may also 
contribute to lower number of fruits produced (Zhou and Lin, 1995). This negative effect on 
node development was only apparent in plants exposed to WLearly but not under shade.  
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Impaired leaf N acquisition and Pn, as observed in this study (Tables 4.1 & 4.2), have been 
suggested to block carbohydrate investment in developing fruiting nodes under low light (Echer 
and Rosolem, 2015) and WL environments (Najeeb et al., 2015a). Inhibited carbohydrate 
transport to hypoxic roots (Saglio, 1985) and increased accumulation in leaves (Table 4.2) might 
have slowed photosynthesis through product inhibition (Martin et al., 2002). In addition, 
waterlogging can interrupt boll development by inhibiting the key enzymes of carbohydrate 
metabolism (sucrose synthase and sucrose phosphate synthase) in fruits (Kuai et al., 2014). Thus, 
impaired carbohydrate supply from leaves and its poor utilisation in fruits inhibited the 
production of new bolls and overall yield in WL cotton.  
Significant reduction in leaf Pn without changes in gs of WL of shaded plants (9 d) indicated that 
damage to photochemistry (Fv'/Fm' and ETR) of stressed plants impaired the photosynthetic 
capacity of cotton (Li et al., 2012). No significant change in gs of WL + shade leaves in the 
present study indicated that photosynthetic inhibition was independent of stomatal behaviour. 
Instead, low PAR and electron transport rate in shaded leaves impaired the overall assimilation 
process (Zivcak et al., 2014). Similarly, Liu et al. (2000) observed photosynthetic inhibition 
without stomatal closure in WL + shade cotton. 
Consistent with the previous studies (Zhao and Oosterhuis, 1998), a significant increase in leaf N 
(%) concentration was observed in shaded leaves at post-WL. However, this increased leaf N% 
did not improve the photosynthetic capacity of plants either under WL or NWL conditions 
(Table 4.1 & 4.2). This can be ascribed to a significantly lower SLN and increase in SLA in 
shaded leaves, suggesting that N levels and thus Pn per unit leaf area were reduced. Shaded 
leaves respond to low light environments by the common morphological adjustment in which 
they become thinner and lighter without increasing N concentration per unit area (Table 4.2). 
Reduction in post-recovery SLA and consequently leaf N (%) confirmed that this transitory 
increase in leaf N concentration was associated with leaf morphological changes only. Despite 
differentially affecting leaf development and N concentration, both soil waterlogging and long-
term shade (9 d) negatively influenced the lint yield of cotton crop. 
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The second objective of these experiments was to study the interactive effect of shade and 
waterlogging on cotton growth and yield. Due to the similarity of plant responses to individual 
stress, as seen in processes such as leaf Pn, biomass production and FR, it was anticipated that 
the plants would experience relatively higher damage under waterlogging when combined with 
shade. However, the response to WL + shade, in the present study was specific to the intensity of 
each individual stress and the crop developmental stage. For example, in 2012-13, when 
waterlogging damage was relatively higher than in 2013-2014 (21%), shading caused limited 
additional yield losses. By contrast, in 2013-14, shade imposed an additional 8% yield penalty in 
WL cotton when the effect of WLearly was relatively low (14% yield loss) compared to the 2012-
13 crop (Table 4.4). It implies that one stress factor so strongly inhibited the yield that the second 
stress factor could not impose a further impact on plant growth or yield, as suggested in Liebig’s 
law of limiting factors (Sinclair, 1992). Therefore, despite a relatively lower level of daily solar 
radiation in 2012-13 than 2013-14 (Fig. 4.2 A), shade caused no additional impairment of lint 
yield of WL cotton in 2012-13, providing further evidence that yield losses in severely WL 
cotton are independent of light levels. 
Remarkably, the positive effects of short-term shade on shoot length and node production of 
WLearly cotton as were observed in this study (Table 4.3), has also been proposed in 
waterlogging-sensitive Quercus species (oak) (Wagner and Dreyer, 1997). However, due to 
accelerated fruit abscission, WL cotton was unable to compensate and avoid later yield loss. 
Similarly, increased gs and capacity to maintain intercellular CO2 concentrations in shaded (6 d) 
leaves did not restore photosynthesis in WL cotton, suggesting that it was not the stomatal 
limitations but impaired N supply that inhibited Pn in WL + shade leaves. Similar data have been 
reported by Liu et al. (2000), who observed 50% reduction in Pn of WL + shade cotton, despite 
observing only a 28% increase in leaf gs. Shade-induced reduction in sugar contents of WL 
leaves had no positive effect on leaf Pn, suggesting that photosynthetic inhibition in WL + shade 
leaves was independent from sugar accumulation feedback regulation. Instead lower light levels 
in shaded leaves independently inhibited ETR and Calvin Cycle activity (Mu et al., 2010). 
Early flowering was the more sensitive phase to waterlogging-induced fruit shedding (Bange et 
al., 2004, Lv et al., 2013), with no significant yield losses in cotton under WLlate. Yield losses 
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also occurred in shaded (9 d) cotton at late reproductive phase (Table 4.4) but these were 
associated with inhibited production of new fruits and not shedding. The yield compensation 
process at late reproductive phase was prevented by impaired photosynthates and nutrient supply 
in shaded plants (Echer and Rosolem, 2015). Shade exacerbated waterlogging-induced lint yield 
losses in cotton only when the intensity of waterlogging damage was relatively low but it had no 
additional effect on the severely waterlogged crop.  
4.5 Conclusions 
Due to the co-occurrence of soil waterlogging and low radiation (cloudy) events, it becomes 
important to determine the interactive effects of these on cotton crops. These experiments 
elucidated the mechanisms through which waterlogging and shade influenced cotton growth and 
yield and this information could be useful for assessing the impacts on crop under multiple stress 
events. Growth and yield reduction in cotton depends on the intensity and duration of 
waterlogging and shade. The early reproductive growth phase (77-83 DAP) of cotton is relatively 
more sensitive to waterlogging, while the crop becomes less responsive at late reproductive 
phase. Restricted light availability can exacerbate yield damage to WL. Despite contrasting 
effects of waterlogging and shade on leaf physiology (N (%), SLA and TSS contents), shade did 
not overturn negative effects of growth or yield waterlogged cotton. Instead, the restricted light 
availability exacerbated yield damage to moderately waterlogged cotton, although the 
contribution of shade to WL + shade damage becomes marginal as the intensity of WL damage 
increases. 
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CHAPTER 5: Growth and yield dynamics across canopy layers of cotton in 
response to soil waterlogging 
5.1 Introduction 
Soil waterlogging is one of the important abiotic factors that influence worldwide distribution of 
plant species and crop production. According to FAO (2007), 20-30 Mha irrigated land area has 
been affected by soil waterlogging as a result of improper irrigation practices. Intensive irrigation 
on poorly drained soils coupled with erratic heavy rainfall events can induce soil waterlogging, 
reducing O2 diffusion into rooting zones. Waterlogging and subsequent O2 deficiency can also 
influence bioavailability of many essential nutrients in the rhizosphere, making them unavailable 
for uptake (Steffens et al., 2005). In addition, inhibited ATP synthesis and plasma membrane H
+
-
ATPase in hypoxic roots (Jackson et al., 2003) suppress active uptake of nutrients from O2 
deficient soils. Nutrient deficiency during reproductive growth stage negatively influences plant 
growth and fruit development (Milroy et al., 2009).  
Cotton (Gossypium hirsutum L.) is an important fibre and oilseed crop grown over 30 million 
hectares worldwide (USDA, 2012). Due to its inability to develop functional root aerenchyma 
(Conaty et al., 2008), cotton is a relatively waterlogging sensitive crop. Yield reduction in cotton 
is associated with the duration the crop is exposed to root zone oxygen deficiency. Hodgson and 
Chan (1982) observed 8% to 18% lint yield reduction in cotton under short term waterlogging 
(16 – 32 h), while yield reduction could reach up to 30% under 9 d of waterlogging (Wu et al., 
2012). In Australia, where cotton is cultivated on poorly drained soils, the crop often experiences 
soil O2 deficiency after furrow irrigation or heavy summer rainfall. Current improvements in 
cotton production systems and breeding programs have substantially increased per hectare yield, 
but limited work has been reported on specifically improving our understanding of waterlogging 
tolerance mechanisms in cotton.  
Waterlogging-induced yield reduction is often associated with inhibited nutrient uptake, 
photosynthesis and consequently fruit production. As the developing reproductive organs require 
a significant supply of nutrients, stressed cotton plants experiencing restricted nutrient supply 
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from roots may obtain these nutrients from their leaves. This can cause leaf growth reduction, 
premature senescence and consequently impair overall biomass production (McLeod, 2001). As 
developing fruits in cotton rely heavily on subtending leaves for carbohydrate supply (Constable 
and Rawson, 1980), waterlogging-induced changes in nutrient status of leaves throughout the 
canopy may differentially influence growth and lint yield. Investigations into the physiology of 
waterlogging damage to cotton growth have been obtained by measuring changes in leaf N 
concentrations from the youngest fully expanded leaves at the top of the canopy (Ashraf et al., 
2011, Milroy et al., 2009) or assessing changes in growth of the whole plant (crop yield) (Bange 
et al., 2004). However, to meet the demand of actively developing bolls, the plants may re-
mobilise N from older leaves to the upper canopy and maintain photosynthesis, affecting 
interpretation of the impacts of waterlogging.  
Limited information is available on nutrient re-distribution, biomass, and fruit development 
across various layers of the cotton canopy. To better understand the mechanisms of waterlogging 
damage, it is essential to study the growth and nutrient dynamics across different canopy layers 
and establish the relationship with the development of fruit contributing to final yield. These 
experiments aimed to (1) study the growth and yield losses in cotton crop exposed to 
waterlogging at different reproductive phases and to (2) understand the waterlogging-induced 
changes in leaf N dynamics and photosynthesis within the canopy and relate this to fruit growth 
and final yield.  
5.2 Materials and methods 
Field experiments were conducted at the Australian Cotton Research Institute, Narrabri (30.12°S, 
149.35°E) Australia using a commercial cotton cultivar Sicot 71BRF (for further detail see 
Chapter 3, Section 3.1.1 & 3.1.2). The field experiment had three treatment areas waterlogged at 
early (WLearly) and late (WLlate) reproductive phase and a non-waterlogged control (NWL) with 
four replicates of each treatment randomly assigned within each block. The crop was exposed to 
waterlogging early reproductive growth phase (77 DAP), late (WLlate, 101 DAP) for 120 h in 
2013-14 (for further detail see Chapter 3, Section 3.1.3). Data on different plant growth attributes 
were collected one day and 7 days after termination of waterlogging. 
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5.2.1 Soil moisture 
A calibrated neutron moisture meter (503DR Hydroprobe, CPN International, Martinez, CA) was 
used to measure volumetric soil water (mm) throughout the soil profile from 20 cm to a depth of 
120 cm. Probe tubes were located in the central row of each treatment plot. 
5.2.2 Biomass Harvest 
Cotton plants were harvested from 1 m
2
 ground-surface area (taken from the below cotyledon) 
from each treatment block. The harvested plants were divided into three parts on the basis of 
node position on main stem, i.e. MSN1-8, MSN9-13 and MSN14+. Each part was further subdivided 
into leaves, stem and fruits. Non-pollinated young fruits were classified as squares and pollinated 
fruits as green bolls (GB). Number of squares and GB were counted and leaf area was measured 
from fresh leaves using the LICOR 6100 LA-3100. Plant parts (leaves, stem and fruits) were 
dried at 70°C for at least 72 h, and dry weights were used to calculate dry biomass, specific leaf 
area (SLA) and leaf area index (LAI) for each canopy layer.. 
5.2.3 Leaf Nitrogen 
The dried leaf samples from each canopy layer were separately ground and used for analysing 
leaf N (%) concentrations using a CHN analyser (for further detail see Chapter 3, Section 3.4.3). 
Data on plant dry biomass and leaf N contents were separately presented on an entire canopy and 
for each canopy layer basis. 
5.2.4 Gas exchange and total soluble sugars 
Before the start of waterlogging, leaves on different main stem nodes (MSN1-8, MSN9-13 and 
MSN14+) were tagged on different canopy layers. Four individual plants per replicate were 
selected and three individual leaves per layer (each on a different node) on each plant were 
tagged. CO2 exchange parameters were measured from the tagged leaves using a Li-6400 
portable photosynthesis system (for further detail see Chapter 3, Section 3.4.1). A subsample 
from the dried ground leaves (25 mg) of each canopy layer was used for measuring total soluble 
sugars by anthrone assay (for further detail see Chapter 3, Section 3.4.2).   
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Previous experiments indicated that waterlogging at late reproductive phase had no significant 
effect on cotton lint yield (Bange et al., 2004); therefore, data on leaf gas exchange and total 
soluble sugars were collected only under WLearly in this study. The data were collected one day 
before waterlogging (pre-WL), one day (post-WL) and 7 d after termination of waterlogging 
(post-recovery). As the WL and NWL plants showed no significant variation in growth and 
physiological components at pre-WL, only post-WL and post-recovery data of different canopy 
layers are presented in this study. 
5.2.5 Cotton yield 
Plants from 1 m
2
 of the central row of each plot were harvested at crop maturity and data on seed 
cotton yield and yield components were separately collected from different canopy layers. 
Cotton bolls from the lower five fruiting branches (FB1-5), middle five fruiting branches (FB6-10) 
and fruiting branches above 10 (FB11+) were separately collected and weighed. In addition, bolls 
present on different fruiting positions (1
st
 fruiting position and 2
nd
+3
rd
 fruiting position) within 
each layer were also separately collected and weighed. The fruiting position closest to the main 
stem was defined as 1
st
 fruiting position (FP1), followed by 2
nd
 and 3
rd
 fruiting positions (FP2+3). 
Fruit retention was calculated as the percentage of final retained fruits to total fruiting sites on 
sympodial fruiting branches.  
5.2.6 Data analysis 
The effect of each treatment event (early and late waterlogging) was considered each as an 
independent experiment. One-way ANOVA was performed to identify the significant changes in 
growth and yield components. Data for different growth and yield components were separately 
analysed for each canopy layer and treatment time using the SAS JMP v. 9 (SAS Institute, Cary, 
NC, USA) statistical program. Respective means were compared using the Tukey's HSD test.  
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5.3 Results 
5.3.1 Volumetric soil water  
After 120 h waterlogging at any crop growth phase, there was a significant increase in 
volumetric soil water content. The gap between soil water content of WL and NWL soils further 
grew at post-recovery (Fig. 5.1 A & B). WL plots contained 13% and 15% higher volumetric soil 
water at post-WL and post-recovery, respectively, (averaged across the two treatments) 
compared with NWL plots.  
 
Figure 5.1 Changes in water content (mm) of the soil in response to 120 h of waterlogging 
(A) at early and (B) late reproductive growth phase of cotton 
Data were collected 1 day before waterlogging (pre-WL), 1 day (post-WL) and 7 d after 
termination of waterlogging (post-recovery). Values are the mean of four independent 
replications (±) standard error; * = means are significantly different at (P < 0.05). 
5.3.2 Dry biomass and leaf area 
Both waterlogging treatments primarily reduced post-recovery dry weight (DW) of cotton. 
WLearly caused 13% and 22% reduction in leaf and green boll DW, respectively, compared with 
NWL control at the recovery time, while WLlate significantly reduced (13%) stem DW only. No 
significant change in square DW was recorded under any waterlogging treatment (Table 5.1). 
The effect of waterlogging on dry matter production was investigated in more detail by studying 
modifications in total shoot dry matter (TDM) on different layers of cotton canopy. The lower 
part (MSN1-8) of plant canopy was relatively more sensitive to waterlogging, which showed a 
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significant reduction (16%) in post-recovery TDM in response to WLearly (Fig. 5.2 A).  Similarly, 
WLlate caused 18% and 15% reduction in TDM of MSN1-8 at post-WL and post-recovery, 
respectively (Fig. 5.2 B).  
Waterlogging at any reproductive phase had no significant effect on SLA (leaf area per unit dry 
weight) of the entire canopy (Table 5.2). However, WLearly significantly reduced post-WL SLA 
of MSN1-8 and WLlate increased post-recovery SLA of MSN14+ (Fig. 5.3 A & B). In contrast, both 
WLearly and WLlate significantly reduced post-recovery LAI of the whole canopy (Table 5.2) and 
the effect was significant on lower canopy layer, MSN1-8 (Fig. 5.3 C & D).   
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Table 5.1 Changes in shoot dry biomass of cotton in response to 120 h of waterlogging at early (77 d after planting, DAP) and 
late (101 DAP) reproductive phase. Data are presented on a ground area basis (m
-2
). 
Data were collected 1 day (post-WL) and 7 d after termination of waterlogging (post-recovery). 
Values are the mean of four individual replications. Non-pollinated young fruits were defined as squares and pollinated fruits as green 
bolls; means significantly different at P < 0.05 are shown bold; WLearly = waterlogging at early reproductive phase (77 DAP); WLlate = 
waterlogging at late reproductive phase (101 DAP); DW = dry weight. 
Treatment Stem DW (g m
-2
) Leaf DW (g m
-2
) Square  DW (g m
-2
) Green bolls DW (g m
-2
) 
 Pre-
WL 
Post-
WL 
Post-
recovery 
Pre-
WL 
Post-
WL 
Post- 
recovery 
Pre-WL Post-
WL 
Post- 
recovery 
Pre-
WL 
Post-
WL 
Post- 
recovery 
WLearly 44 173 300 67 140 140 12 16.7 7.4 5.3 86 129 
NWLearly 39 157 284 65 151 161 12 18.6 7.1 3.1 97 165 
WLlate 153 223 460 108 204 236 2.9 0.30 0.6 173 377 520 
NWLlate 164 236 528 148 213 267 7.2 2.26 1.2 161 383 548 
ANOVA  (F test P values were calculated by comparing the means of waterlogged (WL) and non-waterlogged (NWL) plants, separately, 
for each year and treatment time)                             
Early 
waterlogging 
0.254 0.267 0.541 0.641 0.474 0.042 0.179 0.671 0.254 0.914 0.451 0.671 
Late 
waterlogging 
0.521 0.84 0.027 0.840 0.364 0.671 0.911 0.351 0.617 0.640 0.691 0.184 
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Figure 5.2 Changes in total dry matter in different layers of cotton canopy in response to 120 h of waterlogging at (A) early (77 
d after planting, DAP) and (B) late (101 DAP) reproductive phase  
Data were collected from bottom 8 main stem nodes (MSN1-8), middle 5 main stem nodes (MSN9-13) and main stem nodes above 12 
(MSN14+) 1 day (post-WL) and 7 d after termination of waterlogging (post-recovery). 
Values are the mean of four independent replications with (±) standard error. Means of waterlogged and non-waterlogged plants were 
separately compared for each segment and each treatment time; * = means are significantly different at (P < 0.05). 
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Table 5.2 Changes in fruit production and leaf development of cotton in response to 120 h of waterlogging at early (77 d after planting, 
DAP) and late (101 DAP) reproductive phase. Data are presented on a ground area basis (m
-2
). 
Data were collected one day (post-WL) and 7 d after termination of waterlogging (post-recovery). 
Values are the mean of four individual replications. Non-pollinated young fruits were defined as squares and pollinated fruits as green 
bolls; means significantly different at P < 0.05 are shown bold; WLearly = waterlogging at early reproductive phase (77 DAP); WLlate = 
waterlogging at late reproductive phase (101 DAP); specific leaf area = leaf area per unit dry weight.  
Treatment Number of squares (m
-2
) Number of green bolls (m
-2
) Specific leaf area (m
2 
g
-1
)  Leaf area index 
 Pre-WL Post-
WL 
Post-
recovery 
Pre-WL Post-
WL 
Post- 
recovery 
Pre-WL Post-
WL 
Post- 
recovery 
Pre-
WL 
Post-
WL 
Post- 
recovery 
WLearly 131 139 73 91 82 99 0.012 0.014 0.016 0.8 1.3 2.2 
NWLearly 128 155 77 89 106 136 0.013 0.015 0.016 0.9 1.3 2.9 
WLlate 21.3 2.5 0 59 134 149 0.014 0.014 0.018 2.4 2.9 2.6 
NWLlate 31.2 9.2 0 59 162 158 0.012 0.014 0.018 2.5 3.0 3.1 
ANOVA  (F test P values were calculated by comparing the means of waterlogged (WL) and non-waterlogged (NWL) plants, separately, for 
each year and treatment time)                             
Early 
waterlogging 
0.651 0.001 0.921 0.612 0.001 0.0001 0.311 0.671 0.912 0.391 0.761 0.027 
Late 
waterlogging 
0.364 0.071 0.911 0.398 0.027 0.281 0.647 0.843 0.784 0.471 0.684 0.341 
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Figure 5.3 Changes in specific leaf area and leaf area index in different layers of cotton canopy in response to 120 h of 
waterlogging 
Specific leaf area under waterlogging at (A) early (77 d after planting, DAP) and (B) late reproductive phase (101 DAP), and leaf area 
index under waterlogging at (C) early (77 DAP), and (D) late reproductive phase (101 DAP). Data were collected from bottom 8 main 
stem nodes (MSN1-8), middle 5 main stem nodes (MSN9-13) and main stem nodes above 12 (MSN14+) 1 day (post-WL) and 7 d 
after termination of waterlogging (post-recovery). Values are the mean of four independent replications with (±) standard error. Means 
of waterlogged and non-waterlogged plants were separately compared for each segment and each treatment time.  
* = means are significantly different at (P < 0.05); Specific leaf area = leaf area per unit dry weight. 
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5.3.3 Fruit production 
As the waterlogging started after the initiation of reproductive growth, both WL and NWL plants 
exhibited an initial increase in square production (termination of WLearly), which progressively 
decreased with reproductive growth of crop. No new squares were observed in any WL or NWL 
plant at 7 d after termination of WLlate (Table 5.2). WLearly reduced the post-WL number of 
squares (Table 5.2) and this loss of squares was significant at the lower canopy (FB1-5) (Fig. 5.4 
A). In addition, WLearly significantly reduced post-recovery number of squares at the top of 
canopy (FB11+) possibly by inhibiting development of new squares (Fig. 5.4 A) although the 
effect was not significant in the whole canopy (Table 5.2). WLearly also caused 23% and 27% 
reduction in the number of GB at post-WL and post-recovery, respectively, compared with the 
NWLearly control. Reduction in GB was recorded on FB1-5 at post-WL and on FB1-10 at post-
recovery (Fig. 5.4 C). Significantly reduced post-recovery of GB at the lower canopy could be 
attributed to post-WL loss of squares in response to WLearly.  
Due to fewer squares at the time of treatment, WLlate had no significant effect on the number of 
squares (Fig. 5.4 B). However, WLlate significantly reduced (17%) number of GB at post-WL 
(Table 5.2). This loss of GB was also observed on lower and mid canopy (FB1-5 and FB6-10). The 
effect of WLlate was non-significant on entire canopy GB at post-recovery (Table 5.2), due to 
additional bolls grown on FB11+ (Fig. 5.4 D).  
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Figure 5.4 Changes in production of fruits on various main stem fruiting branches of 
cotton in response to 120 h of waterlogging 
Number of squares under waterlogging at (A) early (77 d after planting, DAP) and (B) late 
reproductive phase (101 DAP), and number of green bolls under waterlogging at (C) early (77 
DAP) and (D) late reproductive phase (101 DAP). 
Data were collected from bottom five main stem fruiting branches (FB1-5), middle 5 main stem 
fruiting branches (FB6-10) and main stem fruiting branches above 10 (FB11+) 1 day (post-WL) 
and 7 d after termination of waterlogging (post-recovery). Values are the mean of four 
independent replications with (±) standard error. Means of waterlogged and non-waterlogged 
plants were separately compared for each segment and each treatment time.  
* = means are significantly different at (P < 0.05). Non-pollinated young fruits were classified as 
squares and pollinated flowers + bolls as green bolls. 
5.3.4 Leaf nitrogen concentrations 
Waterlogging at the early reproductive phase caused 23% reduction in post-WL leaf N (%) 
concentration of the whole canopy (Table 5.3). This reduction was mainly recorded in MSN1-8 
and MSN9-13 leaves, but N (%) concentration in MSN9-13 of WL leaves were similar to the NWL 
treatment at post-recovery (Fig. 5.5 A). Similarly, WLearly significantly reduced post-WL and 
post-recovery SLN of MSN1-8 leaves (Fig. 5.5 C), although no significant change in SLN of the 
entire canopy was observed (Table 5.3).   
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WLlate caused 22% and 13% reduction in the entire canopy N (%) concentration at post-WL and 
post-recovery, respectively (Table 5.3). The post-WL reduction in N (%) was observed in the 
lower canopy leaves (MSN1-8), but the effect on any specific canopy layer was not significant at 
recovery (Fig. 5.5 B). In addition, WLlate significantly reduced post-WL and post-recovery SLN 
in MSN1-8 leaves (Fig. 5.5 D) and the reduction in SLN of whole canopy was significant at post-
WL only (Table 5.3).   
Table 5.3 Changes in leaf nitrogen concentrations in response to 120 h of waterlogging at 
early (77 d after planting, DAP) and late (101 DAP) reproductive phase 
Data were collected 1 day before waterlogging, (pre-WL), one day (post-WL) and 7 d after 
termination of waterlogging (post-recovery). Values are the mean of four individual replications;  
means significantly different at P < 0.05 are shown bold; WLearly = waterlogging at early 
reproductive phase (77 DAP); WLlate = waterlogging at late reproductive phase (101 DAP); 
specific leaf nitrogen = nitrogen concentrations per unit leaf area.  
  Treatment    Leaf N (%) Specific leaf nitrogen (mg cm
-2
)   
Pre-WL Post-WL Post-
recovery 
Pre-WL Post-WL Post- 
recovery 
WLearly WL 3.85 3.11 3.26 3.12 2.25 2.31 
NWLearly NWL 3.91 3.73 3.57 3.11 2.41 2.42 
WLlate WL 3.41 2.49 2.65 2.24 1.63 2.00 
NWLlate NWL 3.64 3.20 3.04 2.27 2.11 2.19 
ANOVA  (F test P values were calculated by comparing the means of waterlogged (WL) and 
non-waterlogged (NWL) plants, separately, for each year and treatment time)                             
Early waterlogging 0.364 0.017 0.121 0.864 0.384 0.361 
Late waterlogging 0.241 0.001 0.024 0.714 0.032 0.514 
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Figure 5.5 Changes in leaf N concentration in cotton leaves in different layers of plant 
canopy in response to 120 h of waterlogging  
Leaf N (%) under waterlogging at (A) early (77 d after planting, DAP) and (B) late reproductive 
phase (101 DAP), and specific leaf N under waterlogging at (C) early (77 DAP), and (D) late 
reproductive phase (101 DAP). 
Data were collected from bottom 8 main stem nodes (MSN1-8), middle 5 main stem nodes 
(MSN9-13) and main stem nodes above 12 (MSN14+) 1 day (post-WL) and 7 d after termination 
of waterlogging (post-recovery). Values are the mean of four independent replications with (±) 
standard error. Means of waterlogged and non-waterlogged plants were separately compared for 
each segment and each treatment time. * = means are significantly different at (P < 0.05). 
Specific leaf N = nitrogen concentrations per unit leaf area. 
5.3.5 Gas exchange and total soluble sugar content 
Data collected from cotton leaves at various canopy positions showed that Pn value of cotton 
leaves were in order of MSN14+> MSN9-13> MSN1-8 (Fig. 5.6 A). Waterlogging had no 
significant effect on Pn of middle canopy (MSN9-13) leaves; however, it significantly reduced 
post-WL Pn in MSN14+ and MSN1-8 leaves (Fig. 5.6 A). WL leaves on the upper canopy layer 
(MSN14+) restored Pn to the level of NWL leaves at post-recovery. No significant effect of 
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waterlogging was recorded on other gas exchange parameters such as stomatal conductance, 
intercellular CO2 concentrations and transpiration rate at any canopy position (data not shown).  
WLearly significantly increased post-WL total soluble sugar (TSS) contents in the leaves at 
various canopy positions (Fig. 5.6 B). For example, WL leaves at top (MSN14+), middle (MSN9-13) 
and bottom (MSN1-8) positions contained 21%, 42% and 59% higher TSS, respectively, 
compared with their respective NWL leaves (Fig. 5.6 B). TSS contents of WL leaves recovered 
to the level of NWL at recovery, except in NSN1-8 leaves, which still contained significantly 
higher TTS (25%) than NWL leaves at recovery (Fig. 5.6 B).  
5.3.6 Cotton yield and yield components 
Waterlogging at early reproductive phase significantly reduced seed cotton yield and yield 
components, such as total number of bolls.  Lower boll numbers were result of production of 
fewer fruiting nodes and lower final fruit retention (Table 5.4). WLearly-induced reduction in seed 
cotton yield (22%) of the entire canopy at harvest was attributed to fewer bolls (15% lower than 
NWL) produced (Table 5.4). This yield loss was observed on the lower (FB1-5) and upper 
fruiting branches (FB14+) (Fig. 5.7 A), and was the result of the lower number of bolls produced 
on FP1 (Fig. 5.7 C). Boll weight across different canopy layers remained unchanged under 
WLearly (Fig. 5.7 E). Similarly, seed cotton yield and yield components on FP2+3 remained 
significantly unaffected by WLearly (Fig. 5.7 C).  
Waterlogging at late reproductive phase had no significant effect on seed cotton yield and yield 
components at harvest (Table 5.4). In addition, the number of FP1 bolls on different fruiting 
branches remained unaffected by WLlate, although, WLlate significantly reduced the number of 
boll on FP2+3 and consequently seed cotton yield on FB6-10 (Fig. 5.7 B & D). WLlate also 
significantly reduced the weight of FP2+3 bolls on FB11+ (Fig. 5.7 F).   
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Figure 5.6 Changes in (A) photosynthetic capacity and (B) total soluble sugar contents of cotton leaves at different positions of 
the canopy in response to 120 h of waterlogging at early reproductive phase (77 d after planting) 
Data were collected from bottom 8 main stem nodes (MSN1-8), middle 5 main stem nodes (MSN9-13) and main stem nodes above 12 
(MSN14+) 1 day (post-WL) and 7 d after termination of waterlogging (post-recovery). 
Values are the mean of the four independent replications with (±) standard error. Means of waterlogged and non-waterlogged plants 
were separately compared for each segment and each treatment time. * = means are significantly different at (P < 0.05); DW = dry 
weight.  
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Figure 5.7 Changes in cotton yield and yield components on different fruiting branches and 
fruiting positions in response to 120 h of waterlogging  
Seed cotton yield under waterlogging at (A) early (77 d after planting, DAP) and (B) late (101 
DAP) reproductive phase, total number of bolls per plant under waterlogging at (C) early (77 
DAP) and (D) late (101 DAP) reproductive phase; weight of individual boll under waterlogging 
at (E) early (77 DAP) and (F) late (101 DAP) reproductive phase. 
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Data were collected at crop maturity and presented as the mean of four independent replications 
with (±) standard error. Means of waterlogged and non-waterlogged plants were separately 
compared for each segment. * = means are significantly different at (P < 0.05); FB1-5 = bottom 5 
fruiting branches on main stem, FB6-10 = middle 5 fruiting branches on main stem and FB11+ = 
branches on the main stem above 10; Fruiting position 1 = a fruit on the fruiting branches closest 
to the main stem; Fruiting position 2+3 = fruits on the fruiting branches next to fruit on fruiting 
position 1. 
 
Table 5.4 Changes in in seed cotton yield and yield components measured at final harvest 
in response to 120 h of waterlogging at early (77 d after planting, DAP) and late 
reproductive phase (101 DAP) 
Data were collected at crop maturity. Values are the mean of four individual replications;  
means significantly different at P < 0.05 are shown bold; WLearly = waterlogging at early 
reproductive phase (77 DAP); WLlate = waterlogging at late reproductive phase (101 DAP); FR = 
fruit retention.  
5.4 Discussion 
As the cotton has an indeterminate growth habit, it is most likely that there is a variable 
sensitivity of different growth phases to waterlogging during the course of the growing season. 
Therefore, to fully understand the impact of waterlogging on cotton it is important that an 
understanding in this variability be generated. Waterlogging-induced yield losses in cotton have 
already been reported (Zhang et al., 2015, Najeeb et al., 2015a), where increased fruit loss was 
the major cause of yield reduction. This study investigated the effect of waterlogging on the 
fruiting pattern of cotton across the canopy. Due to the indeterminate growth habit, developing 
fruits on different main-stem nodes of a cotton plant may respond variably to waterlogging. My 
data have affirmed the hypothesis that waterlogging-induced changes were different across 
Treatment 
Seed cotton 
yield (plant
-1
) 
Number of 
bolls (plant
-1
) 
Boll 
weight (g) 
Plant 
height (cm) 
Nodes 
(plant
-1
) 
FR (%) 
 
WLearly 48.7 11.3 4.1 81.5 19.7 42.4 
NWLearly 62.2 13.3 4.4 89.1 22.2 52.6 
WLlate 56.5 12.9 4.0 93.1 21.5 45.9 
NWLlate 61.8 13.3 4.4 91.5 22.5 51.2 
ANOVA  (F test P values were calculated by comparing the means of waterlogged (WL) and non-
waterlogged (NWL) plants, separately, for each treatment time)                             
Early 
waterlogging 
0.0001 0.027 0.643 0.005 0.041 0.025 
Late 
waterlogging 
0.212 0.348 0.547 0.347 0.318 0.364 
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canopy layers. Significantly higher inhibition of growth and yield under WLearly compared with 
WLlate suggested higher sensitivity of cotton at early reproductive phase, confirming the earlier 
data of Bange et al. (2004).  
Yield reduction from waterlogged cotton was the result of fewer bolls produced at the upper and 
lower parts of the canopy. WLearly primarily inhibited production of new fruits in the upper 
canopy, which was evident from a significantly fewer squares of WL plants measured at post-
recovery. As the development of new squares had almost ceased at the time of treatment, WLlate 
caused no significant yield loss in cotton. Fruit reduction in the lower canopy of waterlogged 
cotton was most likely a result of abscission of young fruits caused by increases in ethylene 
biosynthesis in cotton tissues (Christianson et al., 2010a, Najeeb et al., 2015a). As WL plants 
contained significantly fewer bolls on FP1, which are the main contributor to total cotton yield 
(Pettigrew, 2004), this caused the significant yield loss observed in response to WLearly in this 
study. 
Kuai et al. (2015) also reported significant lint yield reduction in the lower canopy of WL cotton 
due to loss of bolls from FB1. In contrast to Kuai et al. (2015), who observed new growth on 
upper FB, yield reduction in this study was the result of fewer bolls produced both at upper and 
lower canopy. This discrepancy is most likely due to the waterlogged crop in this study not being 
able to support further growth of new fruiting sites. This is plausible given the overall reduction 
in crop leaf area. No significant yield loss in response to WLlate affirmed the earlier studies, 
which proposed that cotton bolls become less sensitive to ethylene-induced shedding a few 
weeks after pollination (Guinn, 1982). However, a degree of yield reduction in the middle of the 
canopy (developing bolls at the time of treatment) in response to WLlate, could be the result of 
impaired N acquisition. As the WL plants retained relatively more FP1 bolls on FB1-10 (Fig. 5.7 
D), seed cotton yield in the entire canopy remained unaffected by WLlate (Table 5.4).  
Another potential mechanism of waterlogging-induced yield losses in cotton is through 
inhibition of photosynthesis and photo-assimilate supply to developing bolls, which can instigate 
fruit abscission (Guinn, 1974). In addition, impaired carbon metabolism can induce yield losses 
in WL plants by arresting the development of new fruiting branches at the top of canopy (Guinn, 
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1985). Significantly reduced Pn and concomitant GB abscission at post-recovery in the lower 
canopy highlighted the role of sugar supply for developing fruits (Kuai et al., 2015). In the 
present study, an immediate reduction in (post-WL) leaf N (%) concentration in the lower 
canopy leaves indicated that Pn and yield reduction could be a consequence of the impaired N 
acquisition. In WL soils, inhibited root growth (Huck, 1970) and impaired N supply can suppress 
Pn by arresting leaf expansion (Milroy and Bange, 2013) or accelerating leaf senescence 
(McLeod, 2001). Delayed recovery in LAI, SLN and Pn only in lower canopy leaves (MSN1-8), 
suggested potential re-mobilisation of N to upper leaves, which restored Pn and growth at the top 
of canopy resulting from limited access to N from waterlogging. 
Modification in leaf size and SLN are the major adaptive responses in many plant species 
experiencing N deficiency (Vos and Van Der Putten, 1998). Plants can adapt to N deficiency 
either through one or a combination of strategies i.e. maintain leaf growth by reducing SLN 
(strategy I), restrict expansion of new leaves and maintain SLN (strategy II) or senesce older 
leaves and re-mobilise N from old to new leaves (strategy III) (Massignam et al., 2012). No 
changes in SLN in the upper canopy layers (MSN9-13 and MSN14+) indicated that WL cotton plants 
adapted strategy II and exhibited an immediate Pn inhibition. On the other hand, changes in SLN 
in the lower part of canopy could be result of mobilisation of N from older to new leaves 
(strategy III). In contrast to Milroy et al. (2009) and McLeod (2001) who observed nutrient 
recovery in the youngest fully expanded and entire canopy leaves, respectively, after termination 
of waterlogging, I observed no recovery in N concentrations in lower canopy leaves. This 
variable behavior of leaves on different canopy positions suggested that re-distribution of N from 
lower canopy leaves may have masked effects of waterlogging in the upper leaves. Earlier, 
McLeod (2001) reported that to meet the nutrient requirement of developing bolls, WL cotton 
plants transport nutrients (N, P and K) from leaves and consequently alter their distribution 
within the plant.  
Studying the relationship between leaf area, leaf N and gas exchange in 22 plant species, 
Meziane and Shipley (2001) proposed that SLA is the major variable that directly influences 
both leaf N and Pn. Changes in leaf dry biomass per unit area influenced the activity of 
carboxylation enzyme (Oren et al., 1986), and thus Pn in cotton leaves. Accumulation of 
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significantly higher TSS in leaf tissues of WL cotton in this study could be associated with 
inhibited carbohydrate demand from hypoxic root tissues, which may have suppressed 
photosynthesis through feedback metabolite regulation (Martin et al., 2002). Significant post-
recovery reduction in SLN, SLA, Pn along with increased TSS in MSN1-8 leaves indicated lower 
capacity of these tissues to recover from WL-induced stress. As developing bolls obtain 60 – 
87% of their dry matter from the leaves present on the same branches (Constable and Rawson, 
1980), this could explain the greater loss of fruits from lower canopy. Contrarily, WL plants 
could retain FP1 fruits on FB11+ through sustained Pn and carbohydrate supply to developing 
fruits, yield compensation on these nodes was prevented by restricted new fruit development. 
Inhibited Pn and leaf development of cotton under WLearly might have initiated early cutout 
(Bange and Milroy, 2000) and increased photo-assimilates supply at recovery was used for 
growth of established fruits instead of initiating new fruit production. 
5.5 Conclusions 
Changes in the response of crop across various canopy layers of cotton plants under 
waterlogging suggest the importance of considering stress damage on a whole canopy basis. Re-
mobilisation of nutrient towards top of the canopy indicated the tendency of cotton plants to 
maximise utilisation of available radiation and at this point in the canopy can mask the overall 
impacts of waterlogging on the canopy. Waterlogging at the early reproductive phase 
significantly suppressed yield and yield components of cotton. No significant yield losses were 
observed when plants were waterlogged at the late reproductive phase, indicating higher 
sensitivity of newly developing fruits to abscission. These fruits were potentially abscised 
through waterlogging-induced ethylene production and inhibited photoassimilate supply in the 
lower canopy. Delayed or complete inhibition of leaf growth and Pn in the lower canopy during 
recovery from waterlogging caused higher fruit losses on these nodes. In contrast, WL plants 
maintained FB1 bolls at the upper canopy by restoring leaf N and photosynthesis after 
termination of waterlogging, although waterlogged plants did not have the ability to support new 
fruit growth. This study elucidated waterlogging-induced carbon and N dynamics across the 
cotton canopy layers, and established the importance of protecting early bolls from waterlogging 
damage.  
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CHAPTER: 6 Inducing waterlogging tolerance in cotton via an anti-ethylene 
agent aminoethoxyvinylglycine (AVG) application 
6.1 Introduction 
Cotton (Gossypium hirsutum L.), an important economic crop, is cultivated in many parts of the 
world for food and fibre. In Australia, cotton is mainly cultivated on soils with high clay contents 
and low drainage rates. Thus furrow irrigated cotton may experience soil waterlogging for 2 – 3 
d after irrigation, especially when rainfall occurs shortly after an irrigation event. The heavy 
summer rainfalls are common in cotton growing regions of Australia, particularly during the 
reproductive phase of the crop (January/early February) and can cause substantial yield losses. 
Waterlogging-induced damage to cotton is associated with O2 deficiency in soils (Huck, 1970).  
Soil O2 deficiency not only impairs root respiration and cellular ATP synthesis but also alters 
plasma membrane H
+
-ATPase activity (Jackson et al., 2003). Since uptake of most mineral 
nutrients such as N, P, K and Mg is an energy-dependent process, partial depolarisation of 
plasma membranes and slower ATP regeneration can suppress nutrient uptake and consequently 
plant growth (Steffens et al., 2005). In addition, soil hypoxia accelerates soil microbial activity, 
favouring increased synthesis of ethylene precursor ACC in root tissues (Dowdell et al., 1972). 
Elevated ethylene accumulation in cotton tissues can stimulate the synthesis of an abscission 
layer in the peduncle, causing abscission of squares and young bolls (Lipe and Morgan, 1973). 
As the total number of bolls is a major yield component of cotton, waterlogging-induced lower 
fruit retention and reproductive node development can lead to significant yield losses (Bange et 
al., 2004). 
Various management techniques such as field levelling, fertiliser application and raised bed 
cultivation have been practiced for improving cotton performance under WL conditions. 
However, limited data are available on controlling fruit abscission in WL cotton by regulating 
ethylene biosynthesis. As higher ethylene biosynthesis in cotton is responsible for leaf and fruit 
abscission in cotton, blocking its accumulation may increase cotton yield. Anti-ethylene 
chemicals such as AVG, AOA, 1-MCP and cobalt (Co
2+
) have been found effective in limiting 
ethylene biosynthesis in plants (Yang and Hoffman, 1984). 
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Earlier reports suggested a positive role of AVG on plants experiencing a variety of stresses, e.g. 
salinity (Hall and Smith, 1995), drought (Beltrano et al., 1999) and waterlogging (Bange et al., 
2010), although its higher concentrations may negatively influence root development (Leblanc et 
al., 2008). I hypothesised that waterlogging-induced fruit abscission and yield loss in cotton can 
be minimised by applying an appropriate AVG concentration. To maximise the potential 
utilisation of AVG for stress mitigation, it is important to optimise AVG application rate and 
time. Hence, a series of glasshouse and field experiments was conducted with the aim of: (1) 
exploring the potential of AVG for increasing growth, fruit retention and yield of cotton, and to 
(2) optimising AVG application rate and timing for cotton growing under WL environments. 
6.2 Material and methods 
6.2.1 Glasshouse experiment 
A commercial cotton cultivar Sicot 71BRF was used for these glasshouse and field experiments. 
The glasshouse experiment was conducted at the Darlington glasshouse, the University of 
Sydney, Australia. Cotton seeds were incubated on a wet filter paper at 30°C in dark until radical 
emergence, and transplanted into cylindrical plastic pots (for further detail see Chapter 3, Section 
3.3.1). At the emergence of the first white flower (65 DAP), the plants were exposed to soil 
waterlogging (for further detail see Chapter 3, Section 3.3.2). Plants in non-waterlogged (NWLg) 
pots were maintained at field capacity. The experimental layout was a completely randomised 
block design with five replicates of each treatment. 
Plants were sprayed with various AVG concentrations (0, 50, 100 and 150 g [a.i.] ha
-1
) 
formulated as ReTain
®
 (Sumitomo Chemicals Australia) either 24 h before or after initiation of 
waterlogging. After 14 d of continuous waterlogging, the pots were drained, and the plants were 
allowed to recover for one week. Changes in plant height, fruit development and abscission were 
monitored during the waterlogging and the recovery period on a weekly basis. In order to 
calculate fruit retention, number of retained fruit (squares, flowers and bolls) and total fruiting 
sites were counted. Leaf chlorophyll contents were estimated using a SPAD-502 (Minolta, 
Japan) chlorophyll meter from five fully expanded leaves of each plant, and averaged. After one 
week of recovery, the plants were harvested and divided into leaves, stem and fruits. The dried 
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weight of plants was obtained by drying plant samples at 70°C in a forced-draught oven until 
constant weight was reached. Samples of the youngest fully expanded leaves were used for tissue 
nutrient analysis using an inductively coupled plasma mass spectrometer (ICPMS). 
6.2.2 Field experiments 
Field experiments were conducted at the ACRI, Narrabri during two consecutive years (2012-13 
and 2013-14). The experimental design was a split plot design with four replicates of each 
treatment. Water treatments were assigned as the main treatment plots, with AVG application 
rates allocated to sub-plots. Each replicate plot was 8 × 8 m, length and width, with a 2 m path, 
separating these plots. The crop was exposed to waterlogging at early and late reproductive 
growth phases (for further detail see Chapter 3, Section 3.1.3). Various rates of AVG (0, 100, 
125 and 150 g [ai] ha
-1
) were sprayed to both WL and NWL blocks, 24 h prior to the 
waterlogging. AVG was applied using a calibrated CO2 pressurised boom with a total swath 
width of 3 m using flat fan nozzles (110-01) at 200 k Pa delivering 100 L ha
-1
 of spray solution 
(Fig. 6.1). 
Effects of waterlogging and AVG on cotton yield and yield components were estimated by 
collecting lint from 1 m
2 
(for further detail see Chapter 3, Section 3.2.2). Lint was separated from 
seeds in a Continental Eagle 20-saw gin, and lint yield was calculated from ginned lint samples. 
A subsample of ginned cotton was used for fibre quality analysis using a high volume instrument 
(HVI). At the end of the experiment, five plants from each replicate were harvested, and the 
number of aborted fruits and total fruiting sites were counted to calculate final fruit retention 
(%). 
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Figure 6.1 Application of various concentrations of AVG to field-grown cotton. 
6.2.3 Data analysis 
Data for different growth parameters were statistically analysed using JMP v. 9 (SAS Institute, 
Cary, NC, USA) statistical program. A linear mixed model REML (Residual Maximum 
Likelihood) was applied and the respective means were compared using Tukey's HSD test at a 
0.05% level of significance. To find out the individual and interactive effects of AVG rate and 
time, and waterlogging, a three-way ANOVA was performed for the glasshouse experiment. 
Combined analysis of two years field data was performed, including treatment year as a main 
factor along with waterlogging and AVG. 
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6.3 Results  
6.3.1 Glasshouse experiment 
6.3.1.1 Plant growth and fruit retention 
Long term (2 weeks) waterlogging significantly inhibited shoot growth, development of new 
nodes, leaf chlorophyll contents (SPAD) and fruit numbers in cotton and WLg (waterlogged 
under glasshouse experiment) plants showed no recovery in terms of growth, even one week 
after the termination of waterlogging. Post-recovery data indicated that WLg plants had 
experienced 24%, 21%, 43% and 19% reduction in shoot length, number of fruits and leaf 
SPAD, respectively, compared with NWLg plants (Table 6.1). Further, the WLg plants possessed 
26%, 19% and 33% lower leaf, stem, and fruit dry weights, respectively, compared with NWLg 
plants. Increasing rate of AVG (P < 0.05) increased total number of fruits and fruit dry weight of 
WLg and NWLg plants (Table 6.1). AVG-treated (100 g [ai] ha
-1
) plants contained 30% and 33% 
more fruits and fruit DW, respectively, compared with non-AVG treated plants. In addition, 
AVG increased leaf SPAD value and shoot length under waterlogging conditions only 
(waterlogging × AVG rate, P < 0.05) (Table 6.1).  
No significant effect of AVG application time was observed on most of the plant growth 
components, except fruit numbers and stem dry weight. 
Fruit retention (FR) in cotton remained unaffected by waterlogging during the first week (data 
not shown), possibly due to fewer fruiting sites at the time of waterlogging. FR of WLg plants 
significantly decreased at post-WL (Fig. 6.2 A) and post-recovery (Fig. 6.2 B). NWLg plants 
maintained significantly higher FR compared with WLg plants. Non-AVG-treated WLg plants 
showed the lowest FR among all the treatments. AVG had no significant effect on FR of NWLg 
plants during the first two weeks (Fig. 6.2 A) but it significantly increased FR at later growth 
stages (Fig. 6.2 B). Under WL conditions, plants treated with pre-waterlogging AVG (100 g [a.i.] 
ha
-1
)
 
showed 17% and 40% higher post-WL and post-recovery FR, respectively, compared with 
non-AVG treated plants.   
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Table 6.1 Effect of waterlogging, and AVG application rate and time on growth and yield 
components of cotton growing under glasshouse conditions  
Treatment  Shoot 
length 
(cm) 
Fruit 
number 
(plant
-1
) 
SPAD Leaf  
DW (g 
plant
-1
) 
Stem  
DW (g 
plant
-1
) 
Fruit 
DW (g 
plant
-1
) 
NWL 63.8  15.1  48.4 20.6 11.4 24.2  
WL 48.4 8.6 39.2 15.1 9.2 16.1 
AVG application time       
BWL 55.2 14.0 45.0 18.2 10.8  21.4 
AWL 53.6 12.8 44.9 17.7 9.9 19.9  
AVG Conc. (g [ai] ha
-1
)    
0 56.7 12.7 43.5 17.7 9.5 18.7 
50 56.0 15.5 44.2 18.5 9.6 20.6 
100 58.7 16.6 44.7 17.6 10.3 24.9 
150 60.2 15.4 46.8 17.4 9.8 20.6 
P values for the F statistic in ANOVA  
Waterlogging <.0001 <.0001 <.0001 <.0001 0.0003 0.0003 
AVG rate 0.109 0.001 0.062 0.989 0.343 0.043 
AVG time 0.058 0.043 0.486 0.074 0.040 0.179 
Waterlogging × AVG rate 0.008 0.089 0.002 0.117 0.643 0.212 
Waterlogging × AVG time 0.084 0.93 0.486 0.074 0.040 0.979 
AVG rate × AVG time 0.445 0.940 0.137 0.475 0.315 0.703 
Waterlogging × AVG rate × 
AVG time 
0.418 0.891 0.746 0.415 0.325 0.698 
Data were collected one week after the termination of waterlogging. Values are the mean of five 
replications. The significant (P < 0.05) effects of the treatment are shown as bold in the ANOVA 
table. NWL = non-waterlogged plants; BWL = plants treated with AVG 24 hours before 
waterlogging; AWL = plants treated with AVG 24 hours after waterlogging; WL = waterlogged 
plants without AVG application; DW = dry weight.  
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Figure 6.2 Changes in fruit retention of glasshouse-grown cotton in response to waterlogging and AVG application rate and 
time  
A: Fruit retention one day after termination of waterlogging, B: fruit retention a week after termination of waterlogging. Values are the 
mean of four independent replications with (±) standard error. Means followed by the same letters are not significantly different at P < 
0.05 based on Tukey’s HSD test.  
NWL = non-waterlogged plants, BWL = waterlogged plants treated with AVG 24 h before the start of waterlogging, AWL = 
waterlogged plants treated with AVG 24 h after the start of waterlogging. 
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6.3.1.2 Leaf nutrient status  
Waterlogging reduced (P < 0.05) most of the macro-nutrients in the youngest fully expanded 
leaves at post-recovery, although K concentration remained unaffected (Table 6.2). The WLg 
plants contained 34%, 37% and 22% less P, S and Mg, respectively, compared with NWLg 
plants. AVG applied before or after waterlogging significantly increased leaf P and S 
concentration but had no effect on Mg concentration (Table 6.2).  
Micro-nutrient concentrations in cotton leaves were variably affected by the long term 
waterlogging i.e. WLg significantly reduced Cu and Zn concentrations and increased Fe, Mn, and 
Na concentrations in leaf tissues. AVG had no significant effect on Zn concentration but it (100 
g [ai] ha
-1
) increased Cu (19%), Fe (21%), Mn (26%) and Na (35%) concentrations in cotton leaf 
tissues (averaged across WL and NWL plants). A significant waterlogging × AVG rate indicated 
that AVG caused a relatively higher increase in the leaf P, Mg and Mn contents of WLg only. 
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Table 6.2 Changes in leaf nutrient of cotton in response to waterlogging, and AVG application rate and time under glasshouse 
conditions 
Treatment  Macronutrients (mg g
-1
 leaf DW) Micronutrients (μg g-1 leaf DW) 
 K P S Mg Mn Cu Zn Fe Na 
NWL 22.7 4.9 9.9 6.0 165.8 5.3 33.3 58.7 111.8 
WL 21.3 3.2 6.2 4.7 233.0 2.9 22.4 76.4 318.6 
AVG application time          
BWL 21.2 3.4 8.6 5.3 257.7 4.1 27.7 64.5 212.3 
AWL 21.8 3.5 8.1 5.1 285.3 4.1 27.1 71.1 250.6 
AVG Conc. (g [ai] ha
-1
)     
0 20.8 4.0 7.8 5.5 207.6 3.4 25.5 62.0 200.1 
50 20.2 3.9 8.1 5.2 257.1 3.8 27.9 69.2 278.2 
100 20.3 4.2 8.6 5.4 280.1 4.1 27.7 78.2 267.7 
150 20.00 4.6 8.9 5.7 270.2 4.1 28.2 69.6 209.3 
P values for the F statistic in ANOVA     
Waterlogging 0.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
AVG rate 0.134 0.026 0.041 0.517 <.0001 0.023 0.242 0.029 0.030 
AVG time 0.467 0.782 0.771 0.660 0.302 0.377 0.674 0.833 0.813 
Waterlogging × AVG rate 0.593 0.006 0.789 0.004 0.003 0.691 0.371 0.901 0.801 
Waterlogging × AVG time 0.467 0.782 0.770 0.660 0.301 0.377 0.674 0.833 0.822 
AVG rate × AVG time 0.124 0.853 0.630 0.929 0.021 0.185 0.641 0.892 0.784 
Waterlogging × AVG rate × AVG 
time 
0.147 0.854 0.651 0.841 0.057 0.181 0.611 0.781 0.761 
Data were collected one week after the termination of waterlogging. Values are the mean of five replications. The significant (P < 
0.05) effects of the treatment are shown as bold in the ANOVA table.  
NWL = non-waterlogged plants; BWL = plants treated with AVG 24 hours before waterlogging; AWL = plants treated with AVG 24 
hours after waterlogging; WL = waterlogged plants without AVG application; DW = dry weight. 
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6.3.2 Field experiments 
6.3.2.1 Effect of AVG rate on cotton yield and yield components 
Waterlogging during the early reproductive phase (77 or 83 DAP) inhibited (P < 0.05) yield and 
yield components of cotton. In the absence of AVG, the plants exposed to WLearly experienced 
13% (averaged across both years) lint yield loss (Fig. 6.3 A). Yield reduction in WL (early) 
cotton was associated with the production of significantly fewer bolls, lower boll weight and 
higher fruit abortion (Table 6.3); while WLearly had no significant effect on crop maturity (60% 
bolls open). WLlate had no significant effect on yield (Fig. 6.3 B) and yield components, except 
boll weight, which was significantly reduced (Table 6.3). 
Application of AVG during early reproductive phase significantly increased lint yield both under 
WL and NWL conditions. AVG (125 g [a.i] ha
-1
) applied at early reproductive growth phase 
caused 9% and 13% increase (averaged across both years) in lint yield of NWL and WL plants, 
respectively, compared with their respective non-AVG-treated plants (Fig. 6.3). This AVG-
induced lint yield increase was result of higher number of fruits produced and retained (Table 
6.3). No significant effect of treatment year was recorded on any of the yield component of 
cotton. 
Effects of AVG on cotton lint yield were further explored by plotting relative changes in lint 
yield against various AVG concentrations applied during four independent experiments [two 
years data from my field experiments and two years field data from experiments of Bange et al. 
(2010)]. Lint yield of cotton increased with the increasing rate of AVG application rate, peaking 
at an application rate of 125 g [a.i] ha
-1 
and then declined under both WL and NWL conditions 
(Fig. 6.4).  
Waterlogging during early reproductive phase (77 or 83 DAP) had no significant effect on fibre 
quality, while late waterlogging (101 or 104 DAP) significantly reduced fibre length and 
micronaire of cotton in both years (Table 6.4). No significant effect of any AVG rate was 
recorded on cotton fibre quality, except fibre strength, which was significantly increased when 
AVG was applied at the early reproductive phase.  
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Table 6.3 Effect of waterlogging, AVG concentrations and treatment year on yield of field-grown cotton 
 Early waterlogging  Late waterlogging 
Treatment No. of 
bolls (m
-2
) 
 Boll 
weight (g) 
FR 
(%) 
Days to 
maturity (60%) 
No. of bolls 
(m
-2
) 
 Boll 
weight (g) 
FR 
(%) 
Days to 
maturity (60%) 
NWL 133.8 4.9 51.7 156.5 131.1 5.1 54.1 155.0 
WL 121.4 4.6 42.8 151.2 134.0 4.7 51.2 152.2 
Year         
2012-13 130.2 4.9 48.5 153.5 126.5 4.9 52.7 150.2 
2013-14 125.0 4.6 46.1 155.7 128.7 4.8 51.1 153.7 
AVG Conc. (g [ai] ha
-1
)      
0 122.4 4.6 46.5 155.5 131.4 4.8 48.2 154.2 
100 128.7 4.7 46.7 154.2 130.1 5.1 51.4 154.0 
125 131.8 5.0 52.4 156.2 136.7 4.8 53.7 157.7 
150 129.9 4.7 50.5 154.5 132.2 4.8 51.2 155.0 
P values for the F statistic in ANOVA      
Waterlogging <.0001 0.002 <.0001 0.058 0.366 0.001 0.071 0.258 
AVG rate 0.044 0.075 0.041 0.517 0.485 0.090 0.055 0.517 
Year 0.066 0.112 0.771 0.566 0.124 0.502 0.558 0.066 
Waterlogging × AVG rate 0.753 0.714 0.789 0.148 0.868 0.081 0.548 0.064 
Waterlogging × Year 0.925 0.917 0.770 0.660 0.463 0.918 0.610 0.660 
AVG rate × Year 0.378 0.105 0.630 0.929 0.133 0.061 0.924 0.929 
Waterlogging × AVG rate 
× Year 
0.492 0.141 0.651 0.841 0.407 0.077 0.874 0.841 
Data were collected at crop maturity. Values are the mean of four replications. The significant (P < 0.05) effects of the treatments are 
shown as bold in the ANOVA table.  
Early waterlogging at 83 and 77 d after planting in 2012-13 and 2013-14, respectively; late waterlogging at 104 and 101 d after 
planting in 2012-13 and 2013-14, respectively. The significant (P < 0.05) effects of the treatment are shown as bold in the ANOVA 
table; FR = fruit retention.  
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Table 6.4 Effect of waterlogging, AVG concentrations, and treatment year on yield of field-
grown cotton on fibre quality of field-grown cotton 
 Early waterlogging  Late waterlogging  
Treatment Fibre length 
(mm) 
Fibre 
strength  
Micronaire Fibre Length 
(mm) 
Fibre 
strength  
Micronaire 
NWL 31.6 31.4 4.5 32.0 31.5 4.7 
WL 32.0 31.5 4.4 30.2 31.1 4.4 
Year       
2012-13 31.9 31.9 4.5 31.7 32.0 4.6 
2013-14 31.8 31.0 4.4 31.5 31.1 4.5 
AVG Conc. (g [ai] ha
-1
)      
0 31.8 31.0 4.4 31.4 31.0 4.5 
100 31.9 31.5 4.5 31.6 31.9 4.7 
125 31.8 31.4 4.4 31.6 31.8 4.5 
150 31.8 32.3 4.4 31.8 32.3 4.5 
P values for the F statistic in ANOVA  
Waterlogging 0.071 0.666 0.082 0.001 0.179 0.024 
AVG rate 0.983 0.021 0.440 0.506 0.015 0.115 
Year 0.776 0.121 0.100 0.358 0.061 0.141 
Waterlogging × 
AVG rate 
0.394 0.423 0.068 0.004 0.474 0.471 
Waterlogging × Year 0.522 0.770 0.962 0.021 0.568 0.260 
AVG rate × Year 0.951 0.002 0.395 0.216 0.004 0.002 
Waterlogging × 
AVG rate × Year 
0.865 0.890 0.973 0.144 0.866 0.359 
Data were collected at crop maturity. Values are the mean of four replications. The significant (P 
< 0.05) effects of the treatments are shown as bold in the ANOVA table.  
Early waterlogging at 83 and 77 d after planting in 2012-13 and 2013-14, respectively; late 
waterlogging at 104 and 101 d after planting in 2012-13 and 2013-14, respectively. 
The significant (P < 0.05) effects of the treatment are shown as bold in the ANOVA table.
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Figure 6.3 Changes in cotton lint yield in responses waterlogging and AVG  
Field-grown cotton was exposed to waterlogging and various AVG concentrations applied 24 h prior to waterlogging. A = 
waterlogging at early reproductive phase (83 and 77 d after planting in 2012-13 and 2013-14, respectively); B = waterlogging at late 
reproductive phase (104 and 101 d after planting in 2012-13 and 2013-14, respectively),. 
Data are the mean of two years of experiments combined for analysis. The data are presented as means of eight replicates (four 
replicate in each year), and the bars are ±SD. Means followed by the same letters are not significantly different at P < 0.05 based on 
Tukey’s HSD test. NWL = non-waterlogged, WL = waterlogged. 
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Figure 6.4 Effect of various AVG concentrations on seed cotton yield of cotton crop 
exposed to waterlogging and AVG treatment at early reproductive phase 
Combined analysis of data from Bange et al. (2010) and the present field experiments. The lint 
yield increase represents the ratio of yield at various treatments relative to the maximum. The 
AVG concentration of 100-125 g [a.i.] ha
-1 
caused highest increase in cotton yield, both under 
waterlogged and non-waterlogged conditions. 
6.4 Discussion  
Un-regulated biosynthesis of ethylene in WL cotton tissues has been linked to accelerated fruit 
loss. Thus, waterlogging-induced damage to cotton crops can be minimised by controlling 
ethylene production. In the present experiment (glasshouse conditions) increasing duration of 
waterlogging significantly reduced shoot growth rate of cotton. This inhibition of shoot growth 
resulted in development of fewer fruits and fruiting branches. Waterlogging altered nutrient 
uptake and leaf greenness (which is closely related to chlorophyll content) that could have 
influenced photosynthesis and plant biomass production as observed in other studies (Milroy and 
Bange, 2003, Milroy and Bange, 2013, Bondada and Oosterhuis, 2001).  
A significant reduction in the concentrations of various macro- and micro-nutrients (Zn and Cu) 
in the youngest fully expanded leaf tissues of WLg cotton compared with NWLg at post-recovery 
indicated that these plants were unable to compensate the nutrient loss. Inhibited nutrient uptake 
has already been reported, in cotton under WL environments (McLeod, 2001, Ashraf et al., 
y = -8E-06x2 + 0.0021x + 0.8379
R² = 0.5193
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
0 100 200 300
L
in
t 
y
ie
ld
 r
e
la
ti
v
e
 m
a
xi
m
u
m
AVG application rate (g [ai] ha-1)
NWL-2013-14
WL-2013-14
NWL-2012-13
WL-2012-13
WL-1999-2000
WL-2000-2001
94 
 
2011). In contrast to Milroy et al. (2009), who observed a degree of recovery in nutrient uptake 
after short term waterlogging (72 h), no recovery in the concentration of various nutrients in 
cotton leaves was observed at 7 d after termination of waterlogging. The extended (2 weeks) 
waterlogging might have impaired root structure, and these plants were unable to recover from 
damage even after the waterlogging was terminated. 
Despite the fact that waterlogging reduces uptake of most of the macro- and micro-nutrients in 
plants, increased levels of Fe, Mn and Na in WLg cotton tissues in this study could be result of 
increased bioavailability these nutrients in the WL soils. Soil waterlogging has been found to 
change the ionic form of nutrients i.e. Fe
+3
 to Fe
+2
 and Mn
+2
 to Mn
+4
, making them toxic to plants 
(Setter et al., 2009). In addition, the role of root-induced ACC biosynthesis in modifying nutrient 
uptake by WL plants could not be ruled out (Leblanc et al., 2008); ACC has been found to 
promote Fe
+3
-chelate reductase activity in plant roots (Christianson et al., 2010a, Romera et al., 
1996). Higher Na concentrations in cotton leaf tissue could be associated with hypoxia-induced 
depolarisation of plasma membranes, which can block outwardly rectifying channels and 
increase Na
+
 transport to the xylem via the non-selective outward-rectifying channels (Barrett-
Lennard and Shabala, 2013). Increased uptake of micro-nutrients (Mn, Fe and Na) as observed in 
this study, has also been reported in cotton under WL environments (Conaty et al., 2008, 
Hocking et al., 1987, Milroy et al., 2009). 
Cotton lint yield is a function of total number of bolls, boll weight and fruiting sites (Bange et 
al., 2004). In these experiments, waterlogging at the early reproductive phase inhibited the 
production of reproductive nodes, new fruits and fruit retention, leading to significant yield 
losses in cotton. Oxygen deficiency in WL cotton roots can induce ethylene production 
(Christianson et al., 2010a), and stimulate fruit abscission (Najeeb et al., 2015a). Thus, fruit 
retention and ultimately final yield can be increased by regulating ethylene production (Heilman 
et al., 1971).  
AVG has been found effective in blocking ethylene biosynthesis (Bradford et al., 1982, Najeeb 
et al., 2015a) and reversing the negative effects of various stresses on plant growth e.g. 
waterlogging (Vidoz et al., 2010) and salt stress (Hall and Smith, 1995). Islam et al. (2003) 
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found that AVG application (100 μg L‒1) significantly increased the growth of drought-stressed 
Pinus strobus plants. In the present study, AVG applied to glasshouse-grown plants significantly 
increased FR of cotton, contributing to higher fruit production. AVG also increased 
concentrations of macro-nutrients in cotton leaves. Leblanc et al. (2008) suggested that 
appropriate AVG application rate can improve root growth and consequently water and nutrient 
uptake. However, it is hard to conclude from this study that AVG repaired the damaged root 
tissues of WLg cotton. Regardless of increasing macro-nutrient uptake, AVG treatment could not 
selectively limit the higher translocation of elements such as Fe, Mn and Na towards leaf tissues 
of WLg plants.  
Field studies confirmed the findings of glasshouse experiments in which WL-induced growth 
inhibition negatively influenced yield and yield components of cotton such as final boll numbers, 
boll weight and fruit retention. Similar negative effects of waterlogging cotton were also reported 
by Bange et al. (2004). Pre-waterlogging applied AVG enhanced fruit numbers in WLearly cotton, 
presumably by blocking ethylene biosynthesis and subsequent fruit abscission (Najeeb et al., 
2015a). Field experiments by Bange et al. (2010) proposed a significant increase in yield of WL 
cotton under increasing AVG application rates. Combined data from Bange et al. (2010) and this 
study showed a reasonable relationship (R
2 
= 0.52) between AVG concentrations and cotton 
yield (Fig. 6.4), highlighting that AVG applied @ 125 g [a.i.] ha
-1
 could be the optimum 
concentration for WL cotton. In addition, increased yield of NWL cotton under AVG application 
suggested a beneficial role of AVG as a plant growth promoter or that it acts to suppress baseline 
ethylene release.  
Field-grown cotton often experiences some degree of O2 deficiency stress when furrow irrigated 
and AVG application at early reproductive phase could assist cotton to overcome this hypoxia-
induced damage. Data presented in this study agree with the findings of Brito et al. (2013), who 
recorded a significant increase in the lint yield of field-grown cotton (non-stressed) by applying 
AVG (60 g [a.i.] ha
-1
) at the reproductive phase. They further suggested that AVG applied during 
the early squaring (young flower formation) phase is more effective than the late reproductive 
phase. Reduced impairment of cotton yield during late reproductive phase under waterlogging 
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indicated that cotton flowers were less sensitive to abiotic stresses after fertilisation (Crozat et 
al., 1999).  
In contrast to previous studies, where Bange et al. (2004) found no significant effects of 
waterlogging on fibre quality, WLlate in this study significantly affected the fibre quality. This 
discrepancy could be due to variation in the cotton growth phase at the time of treatment or the 
cultivar used in the study. Waterlogging-induced restricted assimilate supply to developing 
during the late reproductive phase impaired boll filling process and consequently fibre quality 
(length and micronaire) (Bange et al., 2012, Brook et al., 1992).  
6.5 Conclusions 
Yield reduction in WL cotton was result of abscission of young fruits and production of fewer 
fruiting nodes. Waterlogging significantly influenced nutrient uptake, shoot growth and 
consequently, development of new fruiting sites. In addition, higher fruit abscission, possibly due 
to higher ethylene production from WL cotton tissues, reduced the total number of fruits 
produced. Appropriate AVG application rate and timing significantly increased the lint yield of 
cotton both under WL and NWL environments, suggesting the potential of AVG as a growth 
promoter in cotton. These experiments suggested that 125 [a.i.] ha
-1
 of AVG applied 24 h before 
waterlogging as the best rate for mediating negative effects of waterlogging on cotton growth 
and yield. The potential AVG-induced yield promoting role could be associated with its effect on 
ethylene production in cotton tissues, which is responsible for growth inhibition and fruit 
abortion. However, further studies are needed to elucidate the mechanism involved in cotton 
growth and yield improvement under AVG application. 
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CHAPTER 7: Aminoethoxyvinylglycine (AVG) ameliorates waterlogging-
induced damage in cotton by inhibiting ethylene synthesis and sustaining 
photosynthetic capacity  
7.1 Introduction  
Excessive water content in soil (waterlogging) is a major constraint to crop production in many 
irrigated parts of the world including Pakistan, India and China (Stanton, 1995). In Australia, 
waterlogging-induced annual crop production losses are estimated at A$180 million p.a. (Price, 
1993). Waterlogging hinders O2 diffusion into soils, causing hypoxic or even anoxic conditions 
in the rooting zone. Hypoxia not only reduces the availability of various nutrients in soil but also 
alters root plasma membrane H
+
-ATPase activity (Jackson et al., 2003) and thus capacity to take 
up inorganic nutrients (Colmer and Greenway, 2011). Since the uptake of most of inorganic 
nutrients such as N, P, K and Mg is an energy-dependent process, partial depolarisation of root 
plasma membrane suppresses nutrient uptake (Steffens et al., 2005). Thus inhibited nutrient 
supply to leaves impairs many aspects of shoot metabolism, including photosynthetic 
competence, and impairs shoot growth in terrestrial plants (Jackson and Drew, 1984). 
Cotton (Gossypium hirsutum L.) is an important crop as a source of natural lint for clothing 
manufacture. In Australia, where cotton is cultivated on heavy clay soil and furrow irrigated, the 
crop can often experience yield losses due to soil waterlogging, especially following substantial 
rainfall events. In 2011 alone, heavy rainfall and waterlogging-induced damage to cotton 
industry was estimated at A$300 million (CRC, 2010-11). Cotton roots are the first target of 
waterlogging-induced hypoxia, which exhibit growth inhibition under moderately hypoxic (O2 < 
10%) conditions (Huck, 1970), and influence various physiological processes leading to final 
yield reduction (Bange et al., 2004).  
Soil O2 deficiency also accelerates the biosynthesis of ethylene precursor ACC in cotton roots 
(Christianson et al., 2010a), which is converted into ethylene upon arrival in the aboveground 
aerated parts. Increased ethylene accumulation  facilitates different regulatory functions in plants 
including programmed death of selected tissues and cells (apoptosis), development of 
98 
 
adventitious roots, air spaces and other physiological modifications (Sairam et al., 2008). In 
cotton, elevated ethylene levels induce square and boll abscission and reduce overall lint yield 
(Lipe and Morgan, 1973). Development of genetic and management techniques that block 
ethylene induction or perception are thus of great interest to the cotton industry.  
The impact of waterlogging in terms of ethylene-induced damage to yield requires analysis of 
two yield components; the retention of fruits that were initiated before waterlogging and the 
number of new fruit produced during waterlogging (Bange et al., 2004). Stress-induced ethylene 
accumulation and subsequent damage to plants have been reported in many species including 
cotton (Hall and Smith, 1995). Since shedding of young fruits in stressed cotton is linked with 
higher ethylene accumulation, regulating ethylene production could improve cotton yield by 
limiting fruit abscission. Several chemical agents (e.g. AVG, AOA, 1-MCP) and cobalt and 
silver ions) can regulate ethylene accumulation by blocking its biosynthetic pathway (Yang and 
Hoffman, 1984) or its action (McDaniel and Binder, 2012). Earlier reports suggested a positive 
role of AVG on plants experiencing variety of stresses e.g. salinity (Hall and Smith, 1995), 
drought (Beltrano et al., 1999) and waterlogging (Bange et al., 2010). In a two-year field study, 
Brito et al. (2013) recorded positive effects of AVG on lint yield of field-grown cotton crop. 
Similar effects of 1-MCP have been investigated on drought- (Kawakami et al., 2010) and heat-
stressed (Kawakami et al., 2013) cotton growth and yield.  
Although the yield-promoting role of these anti-ethylene agents in stressed or non-stressed crop 
has previously been studied, limited information is available on the mechanism of AVG action in 
WL cotton. In addition, the relationship between waterlogging sensitivity and ethylene 
accumulation has not been yet explored. The aims of this study were to: (1) investigate the role 
of ethylene accumulation in waterlogging sensitivity of WL and NWL cotton and (2) to 
understand the mechanisms by which AVG prevents waterlogging damage to cotton. Two cotton 
cultivars with contrasting sensitivity to soil waterlogging were used in order to separate the 
impact of high ethylene accumulation on waterlogging damage through a genetic approach.  
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7.2 Material and methods 
Seeds of two cotton cultivars, Sicot 71BRF and LA 887 were surface cleaned with distilled water 
and planted into plastic pots after overnight imbibition. Sicot 71BRF is an Australian commercial 
cotton cultivar, while LA 887 was found relatively more waterlogging sensitive than the 
Australian cultivars, as it was mainly grown on well drained soils in USA (Conaty et al., 2008).  
The seeds germinated in plastic pots containing finely mixed red silt loam Ferrosol soil from 
Robertson, NSW Australia (for further detail see Chapter 3, Section 3.3.1). At 9 – 10 nodal stage 
(53 DAP), when plants initiated square formation (flower bud), they were exposed to soil 
waterlogging. One day prior to waterlogging, a single dose of AVG was applied (ReTain
®
 830 
ppm ≈ AVG 125 g [ai] ha-1) using a hand sprayer. AVG application rate and time was used on 
the basis of previous glasshouse and field experiments. Plants were exposed to waterlogging by 
immersing the pots into water-filled plastic tubs, whereas NWL pots were watered regularly to 
field capacity (for further detail, see Chapter 3, Section 3.3.2). After 15 d of waterlogging, the 
pots were removed from tubs, and the plants were allowed to recover for 7 d. The experimental 
layout was a completely randomised block design with eight replicates of each treatment; four 
replicates were harvested at the termination of waterlogging, while the remaining four plants per 
treatment were harvested at the end of recovery period (7 d after termination of waterlogging).   
7.2.1 Plant growth 
Data on plant growth were recorded from the first d of waterlogging. Plants were subsequently 
mapped for height, nodes and fruit numbers on 3
rd
, 7
th
 and 15
th
 d of waterlogging (DAW) and at 
the end of recovery period (7 d after termination of waterlogging). Biomass accumulation and 
fruit retention were measured by harvesting one subset of plants i.e. at the termination of 
waterlogging and one at the end of recovery period (four replicates each time). Plants were 
divided into leaves, stems and fruits, and were oven dried at 65
o
C for 72 h to measure the dry 
biomass. Leaf area of each plant was measured from fresh leaves using a LICOR LA-3100 
planimeter. 
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Fresh and dry biomass measurements were used to calculate specific leaf area (SLA), leaf area 
ratio (LAR) and leaf water content (LWC) of cotton plants as: 
𝑆𝐿𝐴 =
𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎
𝐿𝑒𝑎𝑓 𝐷𝑊
 
𝐿𝐴𝑅 =
𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 
𝑃𝑙𝑎𝑛𝑡 𝐷𝑊
 
𝐿𝑊𝐶 (%) =
(𝐿𝑒𝑎𝑓 𝐹𝑊 − 𝐿𝑒𝑎𝑓 𝐷𝑊)
𝐿𝑒𝑎𝑓 𝐹𝑊
× 100 
7.2.2 Leaf gas exchange and N acquisition 
The leaf CO2 exchange parameters photosynthesis (Pn) and stomatal conductance (gs) were 
measured from the youngest fully expanded leaves on the 1
st
 (4 h after waterlogging), 3
rd
, 7
th
 and 
15
th
 DAW, between 9:00 and 13:00 h using the Li-6400 portable photosynthesis system (for 
further detail see Chapter 3, Section 3.4.1). Dried samples of upper leaves (from top five nodes) 
were ground to powder form and were analysed for leaf C and N concentrations using a CHN 
analyser (for further detail see Chapter 3, Section 3.4.3).  
7.2.3 Ethylene measurements  
Ethylene accumulation was measured from the youngest fully expanded leaves and young 
squares (three leaves and three squares per plant) at the end of waterlogging (15
th
 DAW)
 
(for 
further detail see Chapter 3, Section 3.4.4). 
7.2.4 Data analysis 
Data for different growth parameters was statistically analysed by JMP v. 9 (SAS Institute, Cary, 
NC, USA) statistical program. Linear mixed model REML (Residual Maximum Likelihood) was 
applied to assess the differences over time, while the respective means of the studied parameters 
were compared using the Tukey's HSD (honestly significant difference) test.  
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To identify the parameters that best describe the waterlogging effects on cotton, principal 
component analysis (PCA) was performed. Values of leaf Pn, N and ethylene (leaf and square) 
concentration of the two cotton cultivars under various treatment conditions were included in the 
PCA. This analysis estimates and then ranks principal components (PC) for contribution to the 
variation in data by consolidating the relationships among measured physiological variables. 
Eigenvectors generated by PCA were then used to identify the effect of these parameters on fruit 
production (final fruit number) in cotton using a Generalised Linear Model fit with a Poisson 
distribution and Log link function (SAS JMP program).  
7.3 Results  
7.3.1 Shoot growth and fruit development 
As the duration of waterlogging increased, it reduced shoot height, biomass accumulation and 
fruit number in both cotton cultivars. Cultivar LA 887 was more sensitive to soil waterlogging 
than Sicot 71BRF (Fig. 7.1). Visual leaf wilting and growth inhibition in LA 887 started from the 
3
rd
 d of waterlogging (DAW), while non-AVG-treated WL plants shed most of their leaves and 
squares at end of recovery period. On the other hand, Sicot 71BRF showed better resilience to 
soil waterlogging during first week, and then it started wilting leaves and the rates of 
photosynthesis dropped. An analysis of the data pooled across two cultivars showed that 
waterlogging significantly affected all the growth parameters of cotton at 7
th
 and 15
th
 d of 
waterlogging (Table 7.1). Significant interaction between waterlogging and cultivar (P < 0.05) at 
the end of first week of waterlogging suggested that waterlogging more severely inhibited shoot 
growth, Pn, and fruit numbers of LA 887 plants compared with Sicot 71BRF (Table 7.1). AVG 
increased the fruit number in WL as well as NWL cotton, and this effect was significant under 
long-term waterlogging (15
th
 d of waterlogging) for both cultivars. AVG increased the Pn and gs 
of LA 887 but not in Sicot 71BRF during first week of waterlogging (Fig. 7.3 & 7.4, Table 7.1, 
waterlogging × AVG × cultivar, P < 0.05). 
Under NWL conditions, both cultivars exhibited a gradual increase in fruit production. Inhibitory 
effects of waterlogging on fruit development became significant at 7
th
 and 15
th
 DAW in LA 887 
(Fig. 7.2 A) and Sicot 71BRF (Fig. 7.2 B), respectively, and the gap between the fruit number 
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plant
-1
 of WL and NWL plants grew wider during the recovery period (Fig. 7.2). Despite 
differences in growing conditions i.e. AVG-treated (WL or NWL) plants contained substantially 
more fruits during waterlogging and at the end of the recovery period.   
In non-AVG treatment conditions, WL plants of both cotton cultivars contained significantly 
fewer fruits compared with NWL plants at the end of waterlogging (post-WL) as well as at post-
recovery. In addition to inhibited new fruit development, the WL plants had lower post-
waterlogging (P = 0.022) and post-recovery (P < 0.0001) fruit retention than the NWL plants 
(Table 7.2). AVG increased fruit retention of both WL and NWL plants, and the effect was more 
evident during the recovery period (P = 0.0013), where it caused approximately 20% 
improvement in the fruit retention of AVG-treated compared with non-AVG treated plants 
(Table 7.2). AVG application was relatively more effective in increasing fruit retention of WL 
than NWL plants, as was apparent from the interactive effect of waterlogging × AVG (P = 
0.048) (Table 7.2). The reduction in fruit number in WL cotton was associated with the 
development of fewer fruiting sites, as indicated by the lower node number and the higher fruit 
abscission rate. The data indicated that AVG primarily restricted fruit abortion in WL or NWL 
cotton, while having a limited effect on shoot growth. 
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Table 7.1 Changes in plant growth attributes of two cotton cultivars under waterlogging and AVG treatment  
 7
th
 day of waterlogging   15
th
 day of waterlogging   
Treatments  Pn  gs  Shoot 
length  
Nodes  
number  
Fruit 
number  
Pn  gs  Shoot 
length  
Nodes  
number  
Fruit 
number  
Waterlogging  0.0003 <.0001 0.0003 0.0004 <.0001 <.0001 <.0001 0.0002 0.0005 <.0001 
AVG 0.082 0.092 0.218 0.119 0.082 0.056 0.076 0.434 0.178 0.041 
Cultivar 0.007 <.0001 0.0001 0.519 0.010 0.082 0.022 0.467 0.314 0.315 
Waterlogging × AVG 0.115 0.106 0.324 0.519 0.582 0.001 0.717 0.215 0.385 0.365 
Waterlogging × cultivar 0.044 0.097 0.403 0.024 0.045 0.229 0.893 0.684 0.681 0.038 
AVG × cultivar 0.435 0.214 0.646 0.129 0.232 0.026 0.0903 0.485 0.658 0.568 
Waterlogging × AVG × 
cultivar 
0.037 0.039 0.759 0.519 0.442 0.922 0.0663 0.257 0.191 0.582 
Data presented in the table were collected at 7
th
 day and 15
th
 day of waterlogging and summarises the significant differences (P 
values). Pn = Rate of photosynthesis (μmol CO2 m
-2
 s
-1
); gs = Leaf stomatal conductance (mol H2O m
-2
 s
-1
). The significant (P < 0.05) 
effects of the treatment are shown as bold in the ANOVA table.  
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Figure 7.1 Differential growth responses of Sicot 71BRF and LA 887 towards waterlogging 
NWL-Sicot 71BRFWL-Sicot 71BRFNWL-LA 887WL-LA 887
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Figure 7.2 Changes in fruit development with increasing inundation period  
(A) cotton cultivar Sicot 71BRF and (B) cotton cultivar LA 887; Values are the mean of four independent replications with (±) 
standard error. 
NWL = non-waterlogged + non-AVG treated; NWL + AVG = Non- waterlogged + AVG treated; WL = waterlogged + non-AVG 
treated; WL + AVG = waterlogged + AVG treated. P values were separately calculated for each time interval for pairwise 
comparison; * = F test treatment effects are significantly different at P < 0.05; NS = F test treatment effects are not significantly 
different (P > 0.05). 
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Table 7.2 Post-waterlogging and post-recovery changes in dry biomass (g) of cotton under waterlogging and AVG treatment 
Treatment 
Post-WL dry biomass (g plant
-1
) Post-WL   
FR (%) 
Post recovery dry biomass (g plant
-1
) Post-
recovery FR 
(%) 
Leaf   Stem  Fruit  TDM  Leaf   Stem  Fruit  TDM 
NWL 10.8 13.6 1.7 26.2 82.2 11.9 13.7 5.7 31.3 77.3 
NWL+AVG 11.1 13.1 3.1 27.4 84.2 13.0 16.3 6.2 35.5 79.5 
WL 7.8 11.0 2.2 21.1 64.5 6.2 8.6 3.1 18.0 43.3 
WL+AVG 8.2 14.2 2.1 24.5 71.5 7.2 9.7 4.9 21.9 54.6 
Cultivar   
Sicot 71BRF 10.1 13.4 1.8 25.2 81.3 10.2 12.7 4.3 27.2 78.5 
LA 887 8.9 12.6 2.8 24.3 82.5 9.0 11.5 6.0 26.4 77.7 
ANOVA                                (F test P values were calculated for main treatment and interaction effects)   
Waterlogging  0.002 0.296 0.842 0.046 <.0001 <.0001 <.0001 0.006 <.0001 <.0001 
Cultivar 0.213 0.727 0.318 0.799 0.550 0.182 0.241 0.097 0.467 0.482 
AVG 0.580 0.763 0.514 0.540 0.037 0.237 0.040 0.587 0.044 0.001 
Waterlogging × cultivar 0.609 0.739 0.675 0.864 0.458 0.058 0.035 0.364 0.012 0.556 
Waterlogging × AVG 0.798 0.181 0.369 0.799 0.057 0.817 0.695 0.916 0.694 0.048 
Cultivar × AVG 0.701 0.122 0.729 0.537 0.521 0.574 0.600 0.036 0.147 0.642 
Waterlogging × cultivar × 
AVG 
0.413 0.093 0.912 0.343 0.557 0.539 0.584 0.805 0.459 0.625 
Data presented in the table was collected at 1 day (post-waterlogging) and 7 d after termination of waterlogging (post-recovery). The 
treatment data are means of 8 individual plants (cultivars × replicates, 2 × 4), whereas cultivar data are means of 16 individual plants 
(treatment × replicates, 4 × 4).  
FR = Fruit retention; NWL + AVG = Non- waterlogged + AVG treated; NWL = Non-AVG treated non-waterlogged; WL + AVG = 
waterlogged + AVG treated; WL = Non-AVG treated waterlogged; TDM = total shoot dry matter. The significant (P < 0.05) effects of 
the treatment are shown as bold in the ANOVA table.  
107 
 
7.3.2 Biomass accumulation and distribution  
At the termination of waterlogging, total shoot dry biomass (TDM) of WL-only plants 
(combined data of both cultivars) was 20% lower (P = 0.046) compared with NWL-only plants, 
and this reduction primarily was a result of reduced (28%, compared with NWL-only plants) leaf 
dry matter accumulation. Further reduction (P < 0.0001) in TDM was recorded during the post-
recovery period, when the WL-only plants had 43% lower TDM compared with NWL-only 
plants. This reduction in TDM was equally attributed to lower leaf, stem and fruit dry biomass 
(Table 7.2). Sicot 71BRF exhibited a better recovery in dry matter accumulation compared with 
LA 887 after termination of waterlogging, as was evident from the waterlogging × cultivar 
interaction (P = 0.012). Waterlogging-induced shedding of leaves suppressed the shoot growth 
recovery by limiting light capturing capacity of LA 887. 
AVG treatment to both WL and NWL plants, had a positive effect (P = 0.044) on dry biomass 
accumulation during the recovery period. AVG increased post-recovery TDM of WL and NWL 
plants by 18% and 13%, respectively, compared with their respective non-AVG treated plants 
(Table 7.2).  
7.3.3 Leaf morphology  
Waterlogging significantly suppressed leaf growth, and reduction in leaf area continued during 
the recovery period. In the absence of AVG, WL plants had 55% and 64% lower post-WL and 
post-recovery leaf area, respectively, compared with NWL plants. Waterlogging variably 
influenced the post-recovery leaf area of cotton cultivars (waterlogging × cultivar, P = 0.023), 
causing relatively more reduction in leaf area of LA 887 than leaf area of Sicot 71BRF (Table 
7.3). Significant reduction in SLA, LAR and LWC of WL plants also occurred during the 
waterlogging and recovery period. AVG variably influenced leaf morphological traits such as 
leaf area, SLA and LAR of WL and NWL plants (Table 7.3). For example, it reduced the leaf 
area, SLA and LAR in NWL plants, while they increased in WL plants. 
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Table 7.3 Post-waterlogging and post-recovery changes in leaf growth of cotton under waterlogging and AVG treatment  
 Post-waterlogging  Post-recovery  
Treatment   Leaf area 
(cm
2
) 
SLA  LAR  LWC  Leaf area 
(cm
2
) 
SLA  LAR  LWC  
NWL 2503 230.4 95.4 77.7 2539 213.6 81.2 77.1 
NWL+AVG 2207 198.3 80.6 75.2 2492 191.5 70.2 74.0 
WL 1131 144.2 53.6 66.4 917 146.9 51.0 67.9 
WL+AVG 1330 162.5 54.2 69.7 1029 143.1 47.1 69.0 
Cultivar 
Sicot 71BRF 1799 177.9 71.3 72.3 1777 174.4 65.4 72.4 
LA 887 1786 200.9 73.4 72.6 1712 190.7 64.8 71.6 
ANOVA                              (F test P values were calculated for main treatment and interaction effects) 
Waterlogging  <.0001 <.0001 <.0001 0.005 <.0001 <.0001 <.0001 0.005 
Cultivar 0.925 0.045 0.962 0.711 0.646 0.059 0.644 0.725 
AVG 0.731 0.067 0.122 0.101 0.693 0.123 0.463 0.627 
Waterlogging × cultivar 0.436 0.644 0.234 0.998 0.027 0.789 0.411 0.858 
Waterlogging × AVG 0.061 0.074 0.052 0.220 0.465 0.362 0.188 0.457 
Cultivar × AVG 0.930 0.411 0.546 0.732 0.648 0.180 0.284 0.331 
Waterlogging × cultivar × AVG 0.481 0.768 0.927 0.444 0.215 0.684 0.465 0.467 
Data presented in the table was collected at one day (post-waterlogging) and 7 d after termination of waterlogging (post-recovery). 
The treatment data are means of 8 individual plants (cultivars × replicates, 2 × 4), whereas cultivar data are means of 16 individual 
plants (treatment × replicates, 4 × 4). NWL + AVG = non-waterlogged + AVG treated; NWL = Non-AVG treated non-waterlogged; 
WL + AVG = waterlogged + AVG treated; WL = Non-AVG treated waterlogged; SLA = specific leaf area (cm
2
 g 
-1 
leaf dry weight); 
LAR = leaf area ratio (cm
2
 g 
-1
 plant dry weight); LWC = leaf water contents (%). The significant (P < 0.05) effects of the treatment 
are shown as bold in the ANOVA table.  
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7.3.4 Dynamics of gas exchange parameters during waterlogging 
Under NWL conditions, both cotton cultivars showed little or no variation in the photosynthesis 
(Pn) of youngest fully expanded leaves throughout the experiment. In Sicot 71BRF, increasing 
waterlogging duration reduced the Pn of WL plants, causing a significant reduction at 7
th
 DAW, 
while AVG application had no significant effect on Pn of WL or NWL plants (Fig. 7.3 A). Leaf 
Pn of LA 887 was more sensitive to soil waterlogging, decreasing within 4 h of waterlogging. 
The gap between leaf Pn of WL and NWL LA 887 plants grew wider with the increasing 
duration of waterlogging, as seen by the decrease in leaf Pn of WL plants to 5 μmol CO2 m
-2
 s
-1
 
at the termination of waterlogging (Fig. 7.3 B). AVG significantly increased the leaf Pn of WL-
LA 887 plants at 7
th
 and 15
th
 DAW, and AVG-treated LA 887 plants had approximately two fold 
higher Pn (10.92 μmol CO2 m
-2
 s
-1
) compared with non-AVG treated plants (5.08 μmol CO2 m
-2
 
s
-1
) at the termination of waterlogging (Fig. 7.3 B), although AVG had no significant effect on 
leaf Pn of NWL LA 887 plants.   
Under NWL conditions, cotton plants of both cultivars exhibited a slow gradual increase in leaf 
stomatal conductance (gs) over time (Fig. 7.4). No significant change in gs of WL-Sicot 71BRF 
plants was observed during the first week of waterlogging; however, it fell during later stage of 
waterlogging (Fig. 7.4 A). In contrast, gs of WL-LA 887 started falling just after initiation of 
waterlogging, and continued to fall till the end of waterlogging (Fig. 7.4 B). AVG improved the 
gs of WL-Sicot 71BRF plants during the initial waterlogging period only (Fig. 7.4 A). By 
contrast, in WL-LA 887, after an initial fall in gs, AVG-treated plants maintained significantly 
higher gs compared with WL-only plants during later period of waterlogging (Fig. 7.4 B). 
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Figure 7.3 Changes in rate of photosynthesis of cotton under waterlogging and AVG application 
(A) Cotton cultivar Sicot 71BRF, (B) Cotton cultivar LA 887. Values are the mean of four independent replications with (±) standard 
error. Pn = Rate of photosynthesis (μmol CO2 m
-2
 s
-1
); NWL = non-waterlogged + non-AVG treated; NWL + AVG = Non- 
waterlogged + AVG treated; WL = waterlogged + non-AVG treated; WL + AVG = waterlogged + AVG treated.  
P values were separately calculated for each time interval for pairwise comparison; * = F test treatment effects significantly different 
at P < 0.05; NS = F test treatment effects not significantly different (P > 0.05). 
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Figure 7.4 Changes in leaf stomatal conductance of cotton under waterlogging and AVG application 
(A) cotton cultivar Sicot 71BRF, (B) cotton cultivar LA 887. Values are the mean of four independent replications with (±) standard 
error.  gs = leaf stomatal conductance (mol H2O m
-2
 s
-1
); NWL = non-waterlogged + non-AVG treated; NWL + AVG = Non- 
waterlogged + AVG treated; WL = waterlogged + non-AVG treated; WL + AVG = waterlogged + AVG treated.  
P values were separately calculated for each time interval for pairwise comparison; * = F test treatment effects are significantly 
different at P < 0.05; NS = F test treatment effects not significantly different (P > 0.05). 
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7.3.5 Leaf N and C content 
Waterlogging significantly inhibited N acquisition (calculated on % leaf DW basis) in the 
youngest fully expanded leaves of both cotton cultivars, and WL plants did not recover the 
nutrient levels of that in NWL plants a week after termination of waterlogging (Table 7.4). The 
LA 887 contained relatively higher (P = 0.046) N (% leaf DW) compared with Sicot 71BRF at 
the termination of waterlogging but this difference in leaf N became non-significant at post-
recovery. On the other hand, Sicot 71BRF contained significantly higher C (% leaf DW) content 
compared with LA 887. The effect of waterlogging on leaf C and N contents was non-
significant, when expressed on leaf area (mg cm
-2
) basis reflecting an associated reduction of leaf 
area in the upper part of the plant. Leaf area reduction was attributed to reduced leaf size and 
higher leaf abscission (Table 7.3). Leaf C contents of cotton were relatively less sensitive to soil 
waterlogging than leaf N and exhibited no significant change (% leaf DW or mg cm
-2
) under any 
treatment of waterlogging or AVG. Relatively higher impact of waterlogging on leaf N 
compared with C contents in turn significantly increased the leaf C/N ratio in WL plants.  
7.3.6 Ethylene accumulation 
A significant increase in ethylene production from the youngest fully expanded leaves of both 
cotton cultivars was recorded at the termination of waterlogging. Despite variation (P = 0.048) in 
leaf ethylene synthesis of two cotton cultivars under various treatment conditions (Fig. 7.5 A), 
the leaf ethylene production followed a similar pattern of change i.e. waterlogging increased 
ethylene production, which was reduced by AVG application. Ethylene produced from the leaves 
of the WL-LA 887 and Sicot 71BRF plants was approximately 2- and 3-fold higher, respectively, 
compared with their respective NWL plants (Fig. 7.5 A). Foliar-applied AVG inhibited (P < 
0.0001) ethylene production from the leaves of both cotton cultivars. The AVG-induced 
reduction in ethylene synthesis was 54% and 27% in the leaves of WL and NWL plants, 
respectively. Significantly higher ethylene production was observed from the young squares of 
WL-LA 887 plants only, which was suppressed (P < 0.0001) by AVG (Fig. 7.5 B). In contrast, 
Sicot 71BRF showed no significant change in ethylene production from squares under any 
treatment (Fig. 7.5 B).  
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Table 7.4 Post-waterlogging and post-recovery changes in C and N concentrations of upper cotton leaves under waterlogging 
and AVG treatment  
Data presented in the table was collected at one day (post-waterlogging) and 7 d after termination of waterlogging (post-recovery). 
The treatment data are means of 8 individual plants (cultivars × replicates, 2 × 4), whereas cultivar data are means of 16 individual 
plants (treatment × replicates, 4 × 4). DW = dry weight; NWL + AVG = non-waterlogged + AVG treated; NWL = non-AVG treated 
 Post waterlogging nutrient content Post recovery nutrient content 
Treatment % leaf DW  mg cm
-2
 leaf area C/N % leaf DW  mg cm
-2
 leaf area C/N 
N C N C N C N C 
NWL 3.3 41.2 0.24 2.9 12.4 3.5 42.0 0.28 3.2 11.9 
NWL+AVG 3.9 41.1 0.28 3.0 10.6 3.4 41.0 0.29 3.5 12.0 
WL 2.7 40.5 0.20 3.1 15.5 2.5 41.8 0.35 4.1 16.8 
WL+AVG 2.4 40.8 0.22 3.4 15.9 2.4 41.4 0.26 4.7 17.2 
Cultivar  
Sicot 71BRF  2.9 41.6 0.25 3.5 13.7 2.8 41.7 0.26 3.6 14.4 
LA 887 3.2 40.2 0.26 3.1 12.1 3.0 41.3 0.30 4.5 13.6 
ANOVA  (F test P values were calculated for main treatment and interaction effects) 
Waterlogging  <.0001 0.249 0.657 0.125 <.0001 <.0001 0.795 0.246 0.103 <.0001 
Cultivar 0.046 0.004 0.639 0.487 0.284 0.317 0.315 0.268 0.286 0.154 
AVG 0.357 0.781 0.357 0.331 0.110 0.473 0.080 0.757 0.880 0.352 
Waterlogging × cultivar 0.534 0.002 0.475 0.991 0.642 0.701 0.346 0.268 0.255 0.130 
Waterlogging × AVG 0.003 0.709 0.118 0.918 0.847 0.855 0.441 0.682 0.812 0.522 
Cultivar× AVG 0.357 0.393 0.908 0.564 0.687 0.865 0.620 0.764 0.856 0.827 
Waterlogging × cultivar × 
AVG 
0.481 0.098 0.571 0.506 0.528 0.057 0.245 0.739 0.771 0.158 
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non-waterlogged; WL + AVG = waterlogged + AVG treated; WL = Non-AVG treated waterlogged. The significant (P < 0.05) effects 
of the treatment are shown as bold in the ANOVA table. 
 
 
Figure 7.5 AVG-induced changes in ethylene production from cotton; (A) leaves and (B) squares at the end of the waterlogging 
period 
Values are the mean of four independent replications with (±) standard error; FW = fresh weight; NWL = non-waterlogged + non-
AVG treated; NWL + AVG= Non- waterlogged + AVG treated; WL = waterlogged + non-AVG treated; WL + AVG = waterlogged + 
AVG treated. 
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7.3.7 Role of leaf photosynthesis and ethylene in fruit production  
To study the mechanism of waterlogging damage, relationships among the major yield affecting 
variables, i.e. leaf Pn, gs, ethylene and fruit numbers (post-WL) were developed. Higher fruit 
numbers in NWL cotton plants were positively associated with leaf Pn and negatively associated 
with ethylene production (Fig. 7.6 A & B). Although the AVG-induced decrease (50%) in 
ethylene production was relatively greater than the increase in fruiting production (30%), 
limiting ethylene production in WL cotton increased total number of fruit produced (Fig. 7.6 B). 
Leaf Pn was positively associated with gs and negatively associated with ethylene production 
(Fig. 7.7 A & B). A sharp reduction both in leaf Pn and gs in the first part of graph indicates the 
potential role of stomatal resistance in photosynthetic inhibition under WL environment (Fig. 7.7 
A). Higher ethylene production in WL cotton tissues potentially reduced leaf Pn (Fig. 7.7 B), 
which in turn inhibited fruit production (Fig. 7.6 A). Thus, higher levels of ethylene in cotton 
tissues can induce yield losses directly by increasing fruit abortion and/or indirectly by impairing 
photosynthesis and fruiting node development (Fig. 7.8).  
7.3.8 Principal component analysis (PCA) 
Principal component analysis (PCA) was used to estimate the relative changes in leaf Pn, N 
contents, and leaf and square ethylene concentrations in two cotton cultivars under various 
treatments. The loading matrix of PCA indicated a strong positive correlation between Pn, N, 
which were negatively correlated with tissue (leaf and square) ethylene production (Fig. 7.9 B). 
The first principal component (PC1) explained most of the variation (75.3%) followed by second 
principal component (PC2), which accounted for 13.8% of variation (Fig. 7.9). The eigenvectors 
for PC1 and PC2 were; 
PC1 = 0.4839X1 + 0.5481X2 - 0.5053X3 - 0.4583X4, and;  
PC2 = 0.647X1 + 0.1138X2 + 0.0614X3 + 0.7514X4  
Where X1 is leaf N; X2 is leaf Pn; X3 is leaf ethylene production and X4 is square ethylene 
production.  
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Coefficients of PC1 (eigenvectors) leaf Pn and N contents were both positive, while leaf and 
square concentrations were negative. Significantly higher values of eigenvectors for Pn and leaf 
ethylene indicated that PC1 is an index of good plant health with higher Pn and lower ethylene 
production in cotton leaves, and it mainly separated the plants on the basis of WL and NWL 
treatments (Fig. 7.9 B). Under NWL conditions, both cultivars were grouped together (the right 
hand side of the axis; Fig. 7.9 A) indicating a similar behaviour of cultivars irrespective of AVG 
treatment.  On the other hand, WL cotton plants were grouped to the left hand side of the axis. It 
shows that NWL plants had higher leaf Pn and N compared with WL plants, while higher tissue 
ethylene synthesis in non-AVG treated WL plants was mainly attributed to the variance in the 
data set for this treatment.   
However, the response of two cultivars to applied AVG varied under WL conditions. For 
example, under WL treatment, non-AVG treated LA 887 plants were grouped away from the 
main axis showing a positive association with PC2 (top left corner of the axis), compared with 
Sicot 71BRF and AVG-treated LA 887 plants, which were grouped close to the main axis 
(bottom left corner of the axis, Fig. 7.9 A). The eigenvectors values of PCA indicated that PC2 
was an index of the subtle differences in square ethylene and leaf N content, and thus could 
explain the variable grouping of WL-LA 887 plants in terms of ethylene production from 
squares, which increased in non-AVG treated plants only.  
As PC1 explained most of the variance in cotton under different treatments, it was used to 
estimate the effect of various growth components such as Pn, N and ethylene (square and leaf) on 
fruit production. Log-linear regression showed a highly significant relationship between the fruit 
number and PC1 in both cotton cultivars, suggesting that higher Pn and N or lower ethylene 
(square and leaf) production lead to higher fruit production (Fig. 7.10). It also suggested that 
waterlogging-induced lower fruit production (either due to higher fruit abscission or inhibited 
fruiting node development) was mainly the result of higher ethylene synthesis, or impaired leaf 
Pn and N acquisition and these processes are inter-connected to affect plant response to soil 
waterlogging. 
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Figure 7.6 Effect of leaf photosynthesis (A) and ethylene (B) on fruit number of cotton plants under waterlogging and AVG 
treatment  
Pn = rate of photosynthesis; NWL = non-waterlogged + non-AVG treated; NWL + AVG = non- waterlogged + AVG treated; WL = 
waterlogged + non-AVG treated; WL + AVG = waterlogged + AVG treated.  
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Figure 7.7 Effect of leaf stomatal conductance (A) and ethylene (B) on rate of photosynthesis in cotton plants under 
waterlogging and AVG treatment  
Pn = rate of photosynthesis; gs = stomatal conductance; NWL = non-waterlogged + non-AVG treated; NWL + AVG = Non- 
waterlogged + AVG treated; WL = waterlogged + non-AVG treated; WL+AVG = Waterlogged + AVG treated.  
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Figure 7.8 Possible mechanism of ethylene-induced yield reduction in cotton under 
waterlogged environment 
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Figure 7.9 Principal component analysis (PCA) of cotton cultivars Sicot 71 BRF and LA 887 subjected to various treatments.  
waterlogging only (WL) and waterlogging + AVG (WL+AVG), non-waterlogged only (NWL) and non-waterlogged + AVG 
(NWL+AVG). 
A = score plot showing distribution of treatment in relation to each other, with an adjusted value for the mean and standard deviation 
and B = Loadings Plot showing two-dimensional loadings of various variables i.e. Ethy (leaf) = ethylene concentration youngest fully 
expanded leaves; Ethy (SQ) = ethylene concentrations in young squares; Leaf Pn = rate of photosynthesis in youngest fully expanded 
leaves; Leaf N = nitrogen concentrations (mg g
-1
 leaf dry weight) in upper cotton leaves (top 5 nodes).   
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Figure 7.10 Generalised log-linear regressions fitted for the first principal component (PC1) and cotton fruit number per plant 
It predicts fruit production in cotton cultivars Sicot 71BRF (A) and LA 887 (B) under various treatment conditions i.e. waterlogging 
only (WL-NA) and waterlogging + AVG (WL-A), non-waterlogged only (NWL-NA) and non-waterlogged + AVG (NWL-NA). 
R2 =0.998 R2 =0.967
NWL
NWL+AVG
WL
WL+AVG
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7.4 Discussion 
The first objective of this experiment was to investigate the relationship between waterlogging 
sensitivity and ethylene production in cotton. The previous glasshouse and field experiments 
indicated that elevated ethylene production in cotton tissues is one of the major causes of 
waterlogging damage, and this damage can be minimised by regulating ethylene production. This 
study identifies the relationship between waterlogging sensitivity and ethylene concentration in 
cotton tissues. A relatively higher waterlogging sensitivity of LA 887 compared with Australian 
cotton cultivars (Conaty et al., 2008) was attributed to growth environments i.e. LA 887 is 
cultivated in well drained soils compared with Australian cultivars, which are adapted to heavy 
clay soils. Both cotton cultivars experienced significant reduction in shoot growth, N acquisition 
and fruit development, while leaf ethylene synthesis increased with waterlogging. Cultivar LA 
887 was relatively more sensitive to soil waterlogging and showed shoot growth and 
photosynthesis inhibition at 3
rd
 DAW, compared with Sicot 71BRF, which exhibited less damage 
during the first week of waterlogging.  
Contrary to previous studies, where photosynthetic inhibition in WL cotton was independent of 
stomatal closure (Ashraf et al., 2011, McLeod, 2001); a parallel drop in leaf gs of WL plants was 
observed, suggesting involvement of stomatal closure in photosynthetic inhibition by limiting 
intracellular CO2 supply (Malik et al., 2001). Waterlogging-induced reduction in Pn and gs has 
already been reported in many waterlogging-sensitive crops (Meyer et al., 1987, Christianson et 
al., 2010a) but the exact mechanism of this closure is still unknown. WL plants exhibited 
stomatal closure, yet leaf turgidity was unable to be maintained and the plants started wilting at 
7
th
 DAW, indicating that it is not the higher transpiration causing leaf wilting but restricted water 
supply from WL roots that stimulated stomatal closure (Hebbar and Mayee, 2011). The 
significant drop in LWC of WL plants also supported the idea that impaired root hydraulic 
conductance and lower water supply from cotton roots affected leaf morphology. Waterlogging-
induced cytoplasmic acidification of root aquaporins (Tournaire-Roux et al., 2003) might be 
responsible for impeded water uptake and root conductance, leading to stomatal closure (Else et 
al., 2001). In addition, the role of ethylene in regulating stomatal closure cannot be ruled out e.g. 
ethylene can stimulate abscisic acid-driven stomatal closure (Ahmed et al. 2006). 
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Soil waterlogging significantly reduced N content in upper plant leaves, and the plants were 
unable to compensate N acquisition after one week of recovery. Limited or no recovery of N 
levels in WL cotton 7 d after termination of waterlogging indicated reduced N availability in WL 
soils; thus additional post-waterlogging N fertilisation may enable plants to recover N acquisition 
(Hodgson and MacLeod, 1987, Milroy et al., 2009). In addition, inhibited N acquisition in WL 
cotton plants could be the result of waterlogging-induced root growth inhibition and increased 
root ACC concentration affecting nitrate assimilation and biosynthesis of organic compounds 
(Kawakami et al., 2012, Bloom et al., 2010). Exogenously applied ACC significantly halted root 
development and N acquisition by down-regulating the expression of genes (BnNrt2.1) involved 
in N metabolism (Leblanc et al., 2008). On the other hand, no significant change in SLN of WL 
plants suggested a parallel reduction in leaf growth and SLA that masked N deficiency in plants 
(Singh et al., 2013, Taub and Wang, 2008). Previous studies also suggested that waterlogging 
could inhibit SLA and leaf N concentration in plants, without influencing SLN (González et al., 
2009, Gardiner and Krauss, 2001). 
In addition to its potential role in stomatal closure and photosynthetic reduction (Ahmed et al., 
2006, Pallas and Kays, 1982), elevated ethylene synthesis could regulate synthesis of enzymes 
(pectinase and cellulase) responsible for abscission of squares and young bolls (Guinn, 1982). In 
the present study, WL cotton plants retained 3 – 4 times fewer fruits than control plants with a 
higher leaf ethylene production, suggesting that accelerated ethylene synthesis in WL cotton 
inhibited fruiting node development and increased fruit abscission. Lower final boll production 
was the major reason of yield reduction in WL cotton, caused by a combination of inhibited 
fruiting node development and fruit retention. These data are consistent with Bange et al. (2004) 
who found that a 15% reduction in main-stem node number could cause 20 – 30% lower fruit 
number in WL cotton. Ethylene-induced growth inhibition in WL cotton could also be result of 
increased leaf shedding and photosynthetic inhibition. Significant negative association of leaf 
ethylene concentrations with Pn also supported the view that elevated ethylene production from 
cotton tissues reduced plant yield directly through accelerating fruit abortion and/or indirectly by 
limiting node and subsequent fruiting site development. 
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The role of anti-ethylene agents has been suggested for improving plant tolerance to abiotic 
stresses (Kawakami et al., 2010). In the present study, AVG application increased total fruit 
number and retention by blocking ethylene biosynthesis in cotton tissues under WL as well as 
NWL conditions. A strong negative correlation between ethylene (leaf) and fruit numbers 
revealed that higher ethylene production reduces the fruit number in cotton, while blocking 
ethylene biosynthesis by AVG promoted fruit retention. Similar positive effects of AVG on 
cotton growth and yield have already been reported under WL (Bange et al., 2010) and NWL 
conditions (Brito et al., 2013). Although AVG applied to WL plants reduced ethylene production 
rate to almost half of that in non-AVG treated plants, the ethylene levels in WL plants were still 
higher than the NWL plants. It indicates that AVG possibly restricted the ethylene production to 
just below the threshold level of damage, thus further yield improvement could be expected by 
terminating ethylene biosynthesis or perception in cotton through transgenic techniques. A 
degree of success in regulating ethylene production (70% reduction) and waterlogging tolerance 
have been achieved through development of transgenic tomato plants over-expressing ACC 
deaminase (an enzyme that cleaves ACC) activity (Grichko and Glick, 2001) but no information 
is available in cotton.  
In addition to increasing fruit retention, AVG had a positive effect on growth of WL and NWL 
plants; possibly through increasing N acquisition and photosynthesis (Khan et al., 2014). Positive 
effects of AVG on leaf Pn and gs were more obvious in LA 887, where it significantly improved 
Pn and gs during the late waterlogging period (7
th
 DAW), signifying its role in plant survival 
under severe stress. A positive effect of AVG on leaf growth and chlorophyll contents of 
drought-stressed wheat has also been reported (Beltrano et al., 1999). Comparatively lower LWC 
in AVG-treated NWL cotton plants indicated some role of ethylene in regulating stomatal 
behaviour, as AVG blocked ethylene accumulation and consequently reduced LWC. However, 
because there was no significant improvement in stomatal conductance of AVG-treated cotton 
plants under WL conditions, this suggested that AVG increased LWC via changes to root 
physiology without influencing stomatal behaviour. Higher ACC concentration has been found 
to induce structural and functional damage in roots (Leblanc et al., 2008), while AVG may 
reverse the damage by blocking ACC biosynthesis.  
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No significant recovery of WL plants in terms of growth or fruit development after termination 
of waterlogging indicated irreversible damage to plants. On the other hand, AVG more 
effectively improved the leaf growth, biomass accumulation and fruit retention of WL plants 
once the waterlogging was terminated, suggesting that AVG led to reversal of otherwise terminal 
damage. Khan et al. (2014) proposed that AVG could protect plants from waterlogging-induced 
injury by up-regulating the biosynthesis of metabolites involved in stress tolerance 
(glycinebetaine and methionine) but this remains to be confirmed as a mechanism for recovery.  
7.5 Conclusions  
This study elucidated the mechanisms through which cotton plants sustain growth under WL 
environments. Long-term soil waterlogging restricted the N acquisition and accelerated ethylene 
accumulation in cotton leaves. Lower N concentrations in leaves impaired photosynthesis, which 
in turn inhibited shoot growth, node and fruit development. Waterlogging also increased leaf and 
fruit abscission through inducing higher ethylene production in cotton tissues, while AVG 
increased leaf and fruit retention by blocking ethylene biosynthesis. However, the limited role of 
AVG on shoot growth and nutrient uptake of WL cotton suggested that (partially) blocking 
ethylene biosynthesis alone might not be adequate to mitigate waterlogging tolerance in cotton. 
An integrated approach of soil and fertiliser management, along with AVG application, could be 
more effective in ameliorating waterlogging-induced damage in cotton. 
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CHAPTER 8 Manipulation of ethylene and carbon metabolism affects fruit 
production when cotton plants are waterlogged 
8.1 Introduction 
Ethylene biosynthesis is substantially up-regulated in cotton plants during peak reproductive 
growth phase (Heilman et al., 1971). Studying fibre development, Shi et al. (2006) observed a 
significant increase in fibre growth by applying ethylene to the developing cotton ovules, while 
the process was reversed by blocking ethylene production. Hence, they concluded that ethylene 
is essential for fibre development. Apart from this regulatory role for ethylene, higher ethylene 
production in cotton tissues has also been recorded in response to a variety of stresses (Guinn, 
1976, Hyodo, 1991). For example, soil waterlogging and subsequent root-zone hypoxia up-
regulates the expression of genes that encode enzymes in the ethylene biosynthesis pathway in 
roots as well as ethylene response factors that are responsible for perception of the hormone 
(Christianson et al., 2010, Zhang et al., 2015). Very high rates of ethylene synthesis in cotton 
tissues can initiate the abscission of leaves and young fruits (Lipe and Morgan, 1973). 
As the total number of bolls is a major yield determinant in cotton, suppressing ethylene 
production in cotton tissues through genetic manipulation or inhibitors can improve cotton 
performance during abiotic stresses (Bange et al., 2010). Earlier studies indicated that stress-
induced damage to plants can be minimised by modifying synthesis (Grichko and Glick, 2001) 
or perception of ethylene (Wilkinson et al., 1997) through genetic manipulation in tomato and 
Arabidopsis respectively; no data are available in cotton. In contrast to genetic manipulation of 
metabolism, blockers of ethylene synthesis or perception, such as aminoethoxyvinylglycine 
(AVG) and 1-methylcyclopropene (1-MCP), effectively increase tolerance to abiotic stresses in 
cotton (Bange et al., 2010, Kawakami et al., 2013). 
A range of mutants with variation in fibre development i.e. glabrous seeds of MD17 (Turley and 
Kloth, 2002), the fuzzless/lintless mutant of XZ-142 (Wang et al., 2010), and naked seed lines 
N1N1 (Lee et al., 2006) have been observed in cotton populations. Similarly, Alistair Low 
derived a mutant line (5B) from a fully linted cotton cultivar B1278 (unpublished, CSIRO 
Irrigation Research, Griffiths, NSW) that has limited of no lint on seeds. It has been proposed 
that ethylene production or perception is impaired in these mutants. Using other lintless mutants, 
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earlier studies suggested that major genes of the ACC biosynthesis pathways such as 1-
aminocyclopropane-1-carboxylate synthase-1 (ACS1) and 1-aminocyclopropane-1-carboxylate 
oxidase-4 (ACO4) in developing ovules were down-regulated at reproductive growth phase 
(Gilbert et al., 2013, Wang et al., 2011). Based on this evidence and the strong phenotype of the 
lintless, we used a 5B line as a genetic tool to regulate the ethylene response.  
In a previous report, we observed that waterlogging induced ethylene production in cotton leaves 
and impaired photosynthesis, subsequently reducing yield (Najeeb et al., 2015a). The current 
study addresses the mechanism of ethylene action on cotton using lintless (ethylene-insensitive) 
in combination with AVG to block ethylene production. It was hypothesised that the fruit loss in 
WL cotton can be: (1) minimised by suppressing ethylene production/perception using chemical 
or genetic tools and (2) by elevating CO2 supply (Fig. 1). CO2 enrichment was introduced to 
overcome waterlogging-induced carbon limitation by accelerating the supply of photo-
assimilates to sinks (Rogers et al., 1996). As elevated atmospheric CO2 can stimulate (Bassi and 
Spencer, 1982) or reduce ethylene production (Guo et al., 2014) in different plant species, we 
also acknowledge that eCO2 may alter ethylene metabolism (Mathooko, 1996).  
Observations of growth, fruit development and physiology of cotton plants with variable 
ethylene sensitivity in response to waterlogging, AVG and eCO2 will clarify the role of ethylene 
in waterlogging-induced damage. It may also inform the development of genetically engineered 
waterlogging tolerant cotton in the future.  
8.2 Material and Methods 
Seeds of lintless 5B and cotton cultivar Empire were obtained from the Australian Cotton 
Research Institute, Narrabri, NSW, Australia. The 5B line was originally separated from a fully 
linted cotton cultivar B1278 as a spontaneous. The control line was Empire, a fully linted cotton 
cultivar that is closely related to B1278. 
The seeds were sown in 64 plastic pots (25 × 20 cm; height × diameter) containing 9 kg finely 
mixed red silt loam Ferrosol soil from Robertson, NSW, Australia (for further detail see Chapter 
3, Section 3.3.1) details of growth conditions). At the start of reproductive growth phase (56 
DAP), half (32) of the pots were transferred to a glasshouse with 700 ppm CO2 concentration 
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(eCO2). Plants in the remaining pots continued to grow under ambient CO2 (aCO2) level. After 
10 d of acclimation to eCO2, one set of plants in both glasshouses was waterlogged by 
immersing the pots into water-filled plastic tubs (for further detail see Chapter 3, Section 3.3.2). 
The NWL pots were regularly watered to field capacity. One d prior to waterlogging (65 DAP), a 
single dose of AVG was sprayed (ReTain
®
 830 ppm ≈ AVG 125 g [ai] ha-1). After 9 d of 
waterlogging, the plants were removed from the tubs (74 DAP) and allowed to recover for 7 d 
(81 DAP) under the same growth environments. The plants were then harvested and leaves, 
stems and fruits were oven dried at 65
o
C for 72 h for dry biomass. The experimental layout was a 
four-factor factorial design, in which 4 replicates of each treatment were completely randomised 
(Table 8.1).   
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Figure 8.1 Potential pathways of ethylene-induced damage to cotton yield, and remediation 
techniques  
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Table 8.1 Experimental layout and time of exposure to waterlogging and elevated CO2 
 
8.2.1 Fruit production 
Data on shoot growth and fruit production were collected at one day (post-WL), and 7 days 
(post-recovery) after termination of waterlogging. All the plants were mapped for fruits number 
and type (fruiting sites, squares and flowers) on individual fruiting branches (FB) and fruiting 
position on branches (FP). Fruiting branches on the main stem were numbered from bottom to 
56-81 d after sowing 64 d after sowing 66-74 d after sowing 
Main plot Subplot Sub-sub plot 
Empire cultivar  
400 ppm CO2  
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top i.e. first 4 fruiting branches at bottom as FB1-4, and subsequently as 4 branches as FB5-8, FB9-
12 and above fruit branch 12 as FB13+. A fruiting position (FP) closest to the main stem on each 
FB was assigned as FP1, and the subsequent position as FP2+3 (Fig. 2). 
 
 
Figure 8.2 Diagram outlining various fruiting branches (FB, on right hand) and fruiting 
positions (FP, on left hand) on the main stem assigned to the cotton plants in this study 
8.2.2 Total soluble sugar contents 
Total leaf sugar contents were measured from the youngest fully expanded leaves at post-WL. 
Leaf disks (15 mm diameter) were homogenised with 3 aliquots (2.5 mL) of 80% ethanol. The 
supernatants were collected and used for determining total soluble sugar contents (for further 
detail see Chapter 3, Section 3.4.2). 
FB1-4
FB5-8
FB13+
FP1
FP1
FP1
FP1
FP1
FP2+
FP2+
FP2+
FP2+
FP2+
FB9-12
Bolls sensitive to ethylene-
induced abscission 
Retained bolls
132 
 
8.2.3 Ethylene measurements  
Ethylene concentrations were measured from the youngest fully expanded leaves, young squares 
and pollinated flower at the termination of waterlogging (post-WL). Plant tissues were collected, 
transferred into 25-mL glass vials and immediately sealed with rubber septa. Ethylene 
concentrations were determined by injecting these samples into PYE series 104 gas 
chromatograph (for further detail see Chapter 3, Section 3.4.4). 
8.2.4 Data analysis 
Data for different growth parameters was statistically analysed by JMP v. 9 (SAS Institute, Cary, 
NC, USA) statistical program. Data were analysed using a fit model, where the four factors i.e. 
waterlogging, genotype, AVG and CO2 were nested, and their main and interactive effects were 
assessed by a linear mixed model REML (Residual Maximum Likelihood). The respective 
means of the studied growth and yield components were compared using the Tukey's HSD 
(honestly significant difference) test. Data on fruit mapping were analysed separately for each 
FB, FP and the growth phase (post-WL and post-recovery), and the means were compared to 
assess the effect of each treatment factor (waterlogging, genotype, AVG and CO2). 
8.3 Results 
8.3.1 Ethylene production from cotton tissues  
At the peak of reproductive growth phase (74 DAS), pollinated flowers released the most 
ethylene, followed by leaves and squares under all treatment conditions (Table 8.2). On average, 
lintless produced significantly less ethylene from reproductive tissues (square and flowers) 
compared with Empire plants (Table 8.2). Waterlogging significantly induced ethylene 
production from different tissues of both cotton genotypes (Table 8.2), while ethylene production 
was considerably greater from reproductive (52%, averaged across both genotypes) than the leaf 
tissues (34%, averaged across both genotypes) (Fig. 8.3 A-C).  
Elevated CO2 atmospheres also accelerated the production of ethylene from pollinated flowers of 
both genotypes under NWL environments (Fig. 8.3 C), and from young squares of WL Empire 
plants (genotype × waterlogging × CO2, P < 0.05) (Fig. 8.3 B), (Table 8.3). Except in eCO2-
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treated pollinated flowers, AVG reduced (P < 0.05) ethylene concentration in different tissues 
under all growth conditions (Table 8.2, Fig. 8.3 A-C). AVG application was relatively more 
effective in restricting ethylene production in leaves and square tissues under WL than NWL 
environment (waterlogging × AVG, P < 0.05, Table 8.3).  
Table 8.2 Effect of the main treatments (waterlogging, AVG, elevated CO2 and genotype) 
on total number of fruits and ethylene production  
Fruit numbers were counted post-waterlogging (74 d after planting, DAP), post-recovery (81 
DAP) and maturity (132 DAP) ethylene concentration from plant tissues were measured at the 
termination of waterlogging only. Values are mean of 32 plants. The plants were exposed to 
elevated CO2 (700 ppm) for 28 d (56-81 DAP), waterlogging for 9 d (66-74 DAP) and then 
allowed to recover for 7 d. AVG (830 ppm) was applied 24 h before waterlogging.  
* = means of main treatment are significantly different from each other.  
 
Main 
treatment  
Treatment 
level  
Ethylene production 
(nmol g
-1
 FW h
-1
) 
Total number of fruits (plant
-1
) 
 Flowers Squares  Leaves Post-WL   Post-recovery  
Genotype Empire 30.2 9.3 7.3 13.5 11.9 
 lintless 24.3* 7.2* 6.4 22.7* 18.6* 
Waterlogging NWL 22.4 5.5 5.8 19.7 17.2 
 WL 36.1* 10.9* 7.7* 16.5* 13.2* 
CO2  700 ppm 30.8 8.9 6.7 20.7 17.4 
 400 ppm 25.7* 7.5 6.9 15.5* 13.1* 
AVG 830 ppm 30.5 5.7 5.7 19.2 16.8 
 0 ppm 35.0 10.6* 7.8* 17.2 13.6* 
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Table 8.3 Data summarise the main and interaction effects (P values) of waterlogging, AVG 
and elevated CO2 on ethylene production from various tissues of lintless and Empire cotton 
and total number fruits 
Main and interactive factors  Ethylene production  Total number of fruits 
 
 Leaves  Squares  Flowers  Post-WL Post-recovery 
Genotype 0.114 0.0001 <.0001 0.014 <.0001 
Waterlogging <.0001 <.0001 0.042 <.0001 0.0001 
CO2 0.891 0.926 <.0001 0.021 <.0001 
AVG 0.001 <.0001 0.254 0.062 0.043 
Genotype × Waterlogging 0.495 0.118 0.559 0.045 0.493 
Genotype × CO2 0.310 0.033 0.062 0.310 0.011 
Waterlogging × CO2 0.409 0.054 0.011 0.409 0.021 
Genotype × Waterlogging×CO2 0.173 0.045 0.068 0.173 0.019 
Genotype × AVG 0.122 0.069 0.176 0.003 0.021 
Waterlogging × AVG 0.004 <.0001 0.696 0.154 0.046 
Genotype × Waterlogging × AVG 0.094 0.110 0.437 0.094 0.903 
CO2 × AVG 0.089 0.361 0.382 0.089 0.397 
Genotype × CO2 × AVG 0.129 0.443 0.028 0.129 0.036 
Waterlogging × CO2 × AVG 0.647 0.182 0.770 0.647 0.599 
Genotype × Waterlogging × CO2 × 
AVG 
0.391 0.034 0.382 0.391 0.443 
The plants were exposed to elevated CO2 (700 ppm) for 26 d (56-81 d after planting, DAP), 
waterlogging for 9 d (66-74 DAP) and then allowed to recover for 7 d. AVG was applied 24 h 
before waterlogging. Fruit numbers were counted one day (post-WL, 74 DAP) and 7 d after 
termination of waterlogging (post-recovery, 81 DAP). Ethylene concentrations from different 
plant tissues were measured at post-WL. The significant (P < 0.05) effects of the treatment are 
shown as bold in the ANOVA table.  
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Figure 8.3 Changes (%) in ethylene production in lintless and Empire plants relative to 
their respective NWL controls, in response to waterlogging, AVG and elevated CO2  
Ethylene concentration in (A) the youngest fully expanded leaves, (B) non-pollinated squares 
and (C) pollinated flowers. 
The plants were exposed to elevated CO2 (700 ppm) for 28 d (56-81 d after planting, DAP), 
waterlogging for 9 d (66-74 DAP). AVG (830 ppm) was applied 24 h before waterlogging. Data 
were collected one day after termination of waterlogging (74 DAP).  
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8.3.2 Fruit production 
Both lintless and Empire plants contained relatively more squares (non-pollinated flowers) than 
the number of green bolls (pollinated flowers + bolls) at the beginning of treatment (56 DAS). 
Production of new squares in plants growing under aCO2 ceased at 74 DAS, but the plants 
exposed to eCO2 continued producing new squares (data not shown). On average, the lintless 
produced significantly more squares plus green bolls (fruits) than Empire throughout the 
experimental period, including 41% and 36% more fruits at post-WL and post-recovery, 
respectively than Empire (Table 8.2). Waterlogging significantly decreased the total number of 
post-WL and post-recovery fruits (Table 8.2). One week after the termination of waterlogging, 
Empire and lintless plants in WL carried 32% and 10% fewer fruits, respectively, compared with 
their respective NWL controls (Fig. 8.4 A). In contrast, eCO2 significantly increased post-WL 
and post-recovery number of fruits, while AVG had a significantly positive impact on post-
recovery fruits only (Table 8.2). 
AVG increased fruit numbers in Empire when waterlogged (AVG × waterlogging, P < 0.05, 
Table 8.3), restoring the number of fruits of WL plants to the level of NWL control (Fig. 8.4 A). 
However, AVG had a smaller effect on lintless plants when waterlogged (AVG × genotype, P < 
0.05, Table 8.3). eCO2 significantly accelerated the fruit production in both cotton genotypes 
(Table 8.2), and except WL Empire, all plants exposed to eCO2 produced significantly more 
fruits compared with their respective NWL controls (Fig. 8.4 A). Overall, lintless was relatively 
more responsive to eCO2 (genotype × CO2, P < 0.05), producing significantly more fruits under 
WL and NWL conditions, whereas NWL Empire plants showed a moderate response to CO2 
enrichment (Fig. 8.4 A), (Table 8.3).  
8.3.3 Fruit retention 
Fruit retention (FR) was calculated from the ratio of retained fruits to total fruiting sites. On 
average, lintless showed significantly higher FR than the Empire plants under various treatments 
(Table 8.4). Waterlogging induced abscission of fruits, causing relatively more reduction in FR 
of Empire (26%) than lintless (7%) (Fig. 8.4 B). eCO2 did not enhance FR in non-AVG treated 
Empire, reducing FR by 12% and 33% FR in NWL and WL plants (P < 0.05), respectively, 
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compared with NWL-controls (Fig. 8.4 B). This higher fruit abscission in Empire plants could be 
the result of CO2-induced elevated ethylene production (Fig. 8.3 C).  
In contrast, AVG significantly increased FR of cotton (Table 8.4), with a greater effect on FR of 
Empire (genotype × AVG, P < 0.05) than lintless, Table 8.5). AVG application was mainly 
effective in the plants growing under aCO2 (CO2 × AVG, P < 0.05),  causing 27% and 20% 
increase in FR of NWL and WL Empire plants, respectively, compared with the NWL control 
(Fig. 4 B, Table 8.5). 
 
Figure 8.4 Changes (%) in (A) number of fruits and (B) fruit retention of lintless and 
Empire plants relative to their respective NWL controls, in response to waterlogging, AVG 
and elevated CO2.  
The plants were exposed to elevated CO2 (700 ppm) for 28 d (56-81 d after planting, DAP), 
waterlogging for 9 d (66-74 DAP) and then allowed to recover for 7 d. AVG (830 ppm) was 
applied 24 h before waterlogging. Data were collected 7 d after termination of waterlogging (81 
DAP).  
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Table 8.4 Effect of the main treatment (waterlogging, AVG, elevated CO2 and genotype) on total number of fruits and ethylene 
production  
Data were collected 7 d after termination of waterlogging. Values are mean of 32 plants. * = main treatment effect is significant at P < 
0.05; The plants were exposed to elevated CO2 (700 ppm) for 26 d (56-81 d after planting, DAP), waterlogging for 9 d (66-74 DAP) 
and then allowed to recover for 7 d. AVG was applied 24 h before waterlogging. Fruit numbers were counted one day (post-WL, 74 
DAP) and 7 d after termination of waterlogging (post-recovery, 81 DAP). Ethylene concentrations from different plant tissues were 
measured at post-WL. * = means of main treatment are significantly different from each other; FW = fresh weight; TDM, total shoot 
dry weight.  
  
Main 
treatment  
Treatment 
level  
Leaf 
DW (g) 
Stem 
DW (g) 
Fruit 
DW (g) 
TDM 
(g) 
Reproductive 
allocation 
Fruit 
retention (%) 
Number of 
nodes 
TSS (mg g
-1
 
leaf FW) 
Genotype Empire 15.7 27.6 59.5 102.8 1.36 44.3 15.4 30.5 
 lintless 11.9* 32.6* 57.4 101.9 1.29 51.6* 16.7* 32.8 
Waterlogging NWL 14.0 29.9 62.3 106.2 1.42 50.4 16.3 30.8 
 WL 13.5 30.2 54.6* 98.3* 1.25* 45.4* 15.9 32.4 
CO2  700 ppm 16.8 35.7 61.0 113.5 1.16 44.8 16.8 33.2 
 400 ppm 10.8* 24.5* 55.8* 91.1* 1.58* 50.9* 15.3* 30.1* 
AVG 830 ppm 13.3 29.8 59.6 102.7 1.38 52.6 16.4 33.7 
 0 ppm 14.4 30.3 57.3 102.1 1.28* 43.2* 15.7 29.6* 
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Table 8.5 Data summarise the main and interaction effects (P values) of waterlogging, AVG and elevated CO2 on dry biomass 
and fruit retention of lintless and Empire cotton  
Factors Leaf DW Stem 
DW 
Fruit DW TDM Reproductive 
allocation 
Number 
of nodes 
Fruit 
retention 
TTS 
Genotype <.0001 0.001 0.089 0.414 0.128 0.0002 0.030 0.085 
Waterlogging 0.519 0.851 0.009 0.004 0.0167 0.123 0.043 0.223 
CO2 <.0001 <.0001 0.001 <.0001 <.0001 <.0001 0.010 0.026 
AVG 0.181 0.714 0.084 0.316 0.0064 0.253 0.002 0.003 
Genotype×Waterlogging 0.875 0.743 0.042 0.083 0.0402 0.042 0.049 0.045 
Genotype×CO2 0.863 0.020 0.688 0.138 0.1449 0.574 0.104 0.310 
Waterlogging×CO2 0.710 0.312 0.0002 0.045 0.0167 0.454 0.084 0.059 
Genotype×Waterlogging×CO2 0.009 0.532 0.293 0.074 0.2684 0.849 0.667 0.617 
Genotype×AVG 0.035 0.306 0.879 0.110 0.0053 0.043 0.023 0.001 
Waterlogging×AVG 0.590 0.349 0.036 0.069 0.7899 0.707 0.122 0.906 
Genotype×Waterlogging×AVG 0.088 0.780 0.093 0.072 0.8243 0.454 0.148 0.107 
CO2×AVG 0.067 0.059 0.225 0.638 0.1742 0.495 0.035 0.468 
Genotype×CO2×AVG 0.278 0.675 0.875 0.869 0.9015 0.864 0.072 0.394 
Waterlogging×CO2×AVG 0.585 0.083 0.806 0.237 0.2112 0.864 0.092 0.053 
Genotype×Waterlogging×CO2×AVG 0.031 0.459 0.605 0.343 0.0303 0.307 0.954 0.913 
The plants were exposed to elevated CO2 (700 ppm) for 26 d (56-81 d after planting, DAP), waterlogging for 9 d (66-74 DAP) and 
then allowed to recover for 7 d. AVG was applied 24 h before waterlogging. Data were collected 7 d after termination of waterlogging 
(81 DAP).  
DW = dry weight (g plant
-1
); TDM = total shoot dry weight (g plant
-1
); TTS = total soluble sugar. The significant (P < 0.05) effects of 
the treatment are shown as bold in the ANOVA table.  
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8.3.4 Fruit distribution pattern 
The variable response of two cotton genotypes to waterlogging, AVG and eCO2 was further 
explored by studying changes in the number of fruits on different fruiting positions. The lintless 
plants produced significantly more fruits compared with Empire plants on all fruiting positions 
(Fig. 8.5 A & B). No significant effect of any treatment was observed on lintless fruits at FP1 
both at post-WL and post-recovery (Fig. 8.5 A1 & A2). eCO2 promoted the production of FP2+ 
fruits both under WL and NWL conditions measured at post-recovery, although the effect of 
AVG on FP2+ fruits was evident only on WL lintless (Fig. 8.5 B1 & B2). 
In Empire, WL significantly reduced post-WL fruits both at FP1 and FP2+, although, the 
waterlogging-induced reduction in post-recovery fruits was significant only at FP1 (Fig. 8.5 A1 
& B1). CO2 fertilisation significantly increased number of fruits in WL and NWL Empire plants 
at FP2+ and FP1, respectively. In addition, AVG increased post-WL fruits in Empire plants 
growing under aCO2 or eCO2 on all fruiting positions, although the effect on post-recovery fruits 
was significant only on FP1 (Fig. 8.5. A2). 
Changes in distribution of fruits on different fruiting branches were also studied in response 
application of waterlogging, AVG and eCO2 combined. Waterlogging significantly reduced post-
WL fruits on the lower fruiting branches (FB1-4 and FB5-8) in Empire (Fig. 8.6 A1 & B1), 
although WL plants had produced new fruits on FB1-4 at recovery (Fig. 8.6 A2). In lintless plants, 
waterlogging reduced number of fruits on FB5-8 and FB9-12 at post-WL and post-recovery, 
respectively (Fig. 8.6 A1 & B2).  
Elevated CO2 allowed the production of more fruits in lintless plants on all fruiting with a 
relatively higher increase in fruits on upper branches at recovery (Fig. 8.6 D). The lintless plants 
exposed to eCO2 retained 35% and 65% (averaged across both WL and NWL plants) higher 
post-recovery fruits on FB9-12 and FB13+, respectively, compared with the plants growing under 
aCO2 (Fig. 8.6 C2 & D2). AVG primarily increased fruit production when applied to lintless 
exposed to eCO2. AVG increased post-recovery fruits of eCO2 lintless at FB9-12 and FB13+ (Fig. 
8.6 C & D).  
In Empire, eCO2 primarily increased the fruit production on upper fruiting branches (FB9-12 and 
FB13+), and the effect was more apparent on NWL plants (Fig. 8.6 C & D). AVG, on the other 
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hand, increased post-recovery fruits on the lower FB1-4 in WL plants (Fig. 8.6 A2). That is, the 
maximum increase in fruits on upper fruiting branches was achieved when AVG was applied to 
Empire plants growing under eCO2 (Fig. 8.6 C & D).  
 
Figure 8.5 Changes in number fruits on various fruiting positions of lintlless and Empire 
plants in response to waterlogging, AVG and elevated CO2  
Total numbers of fruit on fruiting position closest to the main stem (A1) at 74 d after planting, 
(DAP), and (A2) 81 DAP, and fruit numbers on subsequent fruiting positions at (B1) 74 DAP 
and (B2) 81 DAP. 
The plants were exposed to elevated CO2 (700 ppm) for 26 d (56-81 d after planting, DAP), 
waterlogging for 9 d (66-74 DAP) and then allowed to recover for 7 d. AVG (830 ppm) was 
applied 24 h before waterlogging. 
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Figure 8.6 Changes in production of fruits on different fruiting branches of lintlless and 
Empire plants in response to waterlogging, AVG and elevated CO2  
Total number of fruits on the lower four fruiting branches 1-4 (A1) at 74 d after planting (DAP) 
and (A2) 81 DAP. Total number of fruits on fruiting branches 5-8 (B1) at 74 DAP and (B2) 81 
DAP. Total number of fruits on fruiting branches 8-12 (C1) one day after termination of at 74 
DAP), and (C2) 81 DAP. Total number of fruits on top fruiting branches 13+ (D1) at 74 DAP 
and (D2) 81 DAP. 
The plants were exposed to elevated CO2 (700 ppm) for 26 d (56-81 d after planting, DAP), 
waterlogging for 9 d (66-74 DAP) and then allowed to recover for 7 d. AVG was applied 24 h 
before waterlogging.  
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8.3.5 Dry biomass production 
Lintless plants produced significantly higher leaf and stem dry weight but the difference in total 
fruit dry weight and total shoot dry mass (TDM) of two genotypes was not significant (Table 8.4, 
Fig. 8.8), As lintless fruits were relatively lighter (without any lint), despite producing more 
lintless fruits than Empire (Fig. 8.7), the difference in DW of total fruits of two genotypes was 
not significant. Waterlogging significantly reduced the TDM of both lintless and Empire cotton 
(Table 8.4). This reduction in TDM was primarily attributed to reduced fruit dry weight, since 
leaf and stem dry weight remained unaffected by soil waterlogging (Table 8.4). Due to a variable 
effect of waterlogging on fruit dry weight of the two genotypes (genotype × waterlogging, P < 
0.05),  more reduction in TDM was observed in Empire (15%) than in lintless (6%) (Fig. 8.8 A). 
A relatively higher impact of waterlogging on fruit DW was also evident from the reduced 
reproductive allocation in WL Empire (genotype × waterlogging, P < 0.05, Table 8.5). AVG had 
no significant effect on TDM of cotton, although it increased partitioning of assimilates to fruits 
as was evident from increased (P < 0.05) reproductive allocation in AVG-treated plants (Table 
8.4). 
The plants of both genotypes (Empire & lintless), when exposed to eCO2, produced significantly 
higher leaf, stem and fruit dry weight compared with the aCO2 plants (Table 8.4). A 
waterlogging × CO2 interaction (P < 0.05) indicated that eCO2 primarily increased fruit dry 
weight and TDM in NWL plants (Table 8.5), although AVG equally increased TDM of both WL 
and NWL plants growing under eCO2 (Fig. 8.8 A). 
8.3.6 Number of nodes 
The lintless produced a significantly higher number of nodes than Empire under all treatments 
(Fig. 8.7). The number of nodes in both cotton genotypes were increased (P < 0.05) by eCO2 
(Table 8.2). Waterlogging had no significant effect on the number of nodes in lintless but it 
reduced node production in Empire (genotype × waterlogging, P < 0.05) (Fig. 8.8 B). Similarly 
AVG applied to the plants under aCO2 or eCO2 increased node production only in Empire plants 
(Fig. 8.8 B), (genotype × AVG, P < 0.05, Table 8.5). 
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8.3.7 Total soluble sugar contents 
Waterlogging had no significant impact on total soluble sugar (TSS) contents of lintless leaves 
but it significantly increased TSS in Empire leaves (genotype × waterlogging, P < 0.05, Table 
8.5). TSS contents of both genotypes were also increased (P < 0.05) by exposure to eCO2 and 
AVG (Table 8.4, Fig. 8.8 C), although the effect of AVG was relatively greater on Empire leaves 
(genotype × AVG, P < 0.05, Table 8.5). 
 
FIG. 1 Variation in shoot growth, fruit and lint production in lintless and Empire 
 
Empire lintless
Empire lintless
Empire lintless
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Figure 8.7 Changes (%) in (A) total dry matter, (B) number nodes and (C) total soluble 
sugar contents in leaves of lintless and Empire plants relative to their respective NWL 
controls, in response to waterlogging, AVG (830 ppm) and elevated CO2 (700 ppm)  
The plants were exposed to elevated CO2 (700 ppm) for 28 d (56-81 d after planting, DAP), 
waterlogging for 9 d (66-74 DAP) and AVG (830 ppm) was applied 24 h before waterlogging. 
Data were collected at 7 d after termination of waterlogging (81 DAP). TDM = total shoot dry 
matter, TTS, total soluble sugars.  
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8.4 Discussion 
Soil waterlogging increases ethylene concentrations in aerated tissues of cotton plants. This 
ethylene, in turn, impairs leaf photosynthesis and accelerates abscission of young flowers. It was 
proposed that yield losses in WL cotton can be controlled by regulating these two process – 
ethylene production and carbon limitation. As reported in previous studies (Heilman et al., 1971, 
Guinn, 1976), the highest rate of ethylene release was observed from pollinated cotton flowers 
during the peak reproductive phase (74 DAP). Ethylene production from aerial tissues was 
further amplified by waterlogging, due either to increased delivery of ACC (ethylene precursor) 
from hypoxic roots to shoots (Bradford et al., 1980) or up-regulation of the biosynthetic pathway 
(Christianson et al., 2010a). Higher ethylene production and accelerated abscission of 
reproductive organs (Fig. 8.4 A-C) suggested developing fruits were more strongly affected by 
waterlogging than leaves (Table 8.2).  
I found good support for the first hypothesis of this experiment that fruit loss in WL cotton can 
be controlled by regulating ethylene production/perception, as less damage to the fruit yields of 
WL plants was recorded when ethylene production was suppressed by AVG or genetic 
intervention (lintless). In contrast to some other lintless mutants, where expression of genes 
involved in the ethylene biosynthesis pathway (ACO and ACS) were not up-regulated at the peak 
reproductive phase (Gilbert et al., 2013, Wang et al., 2011), the 5B lintless used in this study 
produced substantial ethylene from pollinated flowers. Significantly higher ethylene production 
accompanied by suppression of the fruit loss in lintless tissues in response to waterlogging 
suggested that ethylene perception in 5B might be impaired. A limited response of lintless to 
elevated ethylene or AVG application in this experiment has also been reported by Shi et al. 
(2006).  
Less waterlogging damage to lintless compared with Empire in the present study could be the 
result of differential expression of downstream genes involved in stress signalling and response 
pathways. Examples of altered gene regulation include ethylene responsive factors and 
mitochondrial respiration (alternative oxidase), enabling plants to engage alternative stress 
responsive pathways (Kim et al., 2013). Wilkinson et al. (1997) have developed ethylene-
insensitive transgenic tomato plants, producing significantly more fruits than the wild type 
without changing ethylene production. The alternative approach of completely knocking down 
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ethylene production/perception in cotton tissues may be detrimental for cotton lint production. 
Dissecting the expression pattern of genes induced responsible for ethylene production in 
developing ovules (programmed fibre development) and peduncle (induced under stress) and 
their tissue-specific regulation may help to target the approach to waterlogging tolerance in 
cotton. 
Negative effects of ethylene on cotton growth and yield were further explored by limiting 
ethylene production through AVG application. AVG has effectively been used to ameliorate the 
negative effects of a variety of stresses on cotton including salinity (Hall and Smith, 1995), 
drought (Beltrano et al., 1999) and waterlogging (Bange et al., 2010). In the present study, AVG 
suppressed ethylene production in both cotton genotypes but its effect on fruit retention varied, 
suggesting that the primary role of AVG is to block ethylene synthesis without directly affecting 
fruit production. As the lintless mutation was putative in ethylene perception, blocking ethylene 
production by AVG did not influence the FR of these plants.  
Variation in distribution patterns of fruits of two genotypes at the end of the treatment period 
suggested differential response of two genotypes to waterlogging, AVG and eCO2. For example, 
fruit loss in WL Empire was primarily observed on lower fruiting branches (FB1-4) at FP1 (post-
WL), and FP2+ (post-recovery), indicating that young bolls were the major target of ethylene-
induced damage. AVG reduced the loss of FP1 fruits on FB1-4 in WL Empire. In addition, AVG 
promoted development of new FP2+ fruits in NWL, as was evident from the similar number of 
fruits in Empire and lintless at FP2+ (Fig. 8.5 B2). Compared with Empire, fruit numbers of 
lintless plants remained relatively unaffected by increased ethylene concentration in tissues or 
AVG application. The ability to produce and retain more fruits in lintless was also evident from 
higher FP2+ fruits on upper branches (FB13+) (Fig. 8.6 D).  
The second hypothesis of the experiment was to explore positive effects of CO2 fertilisation on 
cotton yield. The plants exposed to eCO2 produced significantly more fruits. Increased fruit 
production in plants exposed to eCO2 was mainly observed on FP2+, suggesting a minor role of 
eCO2 in reducing fruit loss on FP1 in WL Empire. It was postulated that eCO2-induced ethylene 
production and subsequent fruit abscission counteracted the positive effects of eCO2 in WL 
Empire plants. NWL plants were able to overcome losses caused by eCO2-induced ethylene 
production by producing fruits on additional fruiting positions and branches (Fig. 8.5 & 8.6) 
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most likely through improved carbon assimilation with eCO2 (Reddy et al., 2004). Increased 
ethylene production in cotton (Table 8.2) indicated that elevated levels of CO2 in the 
environment can stimulate ethylene biosynthesis (Mathooko, 1996) and thus fruit abscission in 
ethylene-sensitive plants. Despite increased ethylene production and fruit abscission, Empire 
plants exposed to eCO2 reached significantly higher TDM (leaf, stem and fruit) and number of 
nodes, implying that eCO2-induced ethylene specifically affected fruit abscission in cotton. This 
was supported by a waterlogging × CO2 interaction (P < 0.05) in FR as eCO2 increased fruit dry 
weight in NWL plants (Table 8.4) and TDM in both WL and NWL plants (Fig. 8.8 A). 
Compared with Empire, the lintless plants showed a stronger response to eCO2 in terms of fruit 
production. Limited fruit loss on the lower FB and a better sink availability enabled lintless to 
invest more assimilates into fruits and consequently produce more FP2+ fruits on top branches i.e. 
FB9-12 and FB13+ (Fig. 8.5 & 8.6). A relatively smaller increase in TSS content of lintless leaves 
compared with Empire leaves also supported this sink-strength hypothesis. Since eCO2 
simultaneously increased production of assimilates and ethylene, WL Empire plants were unable 
to benefit from this assimilate supply as a result of ethylene-induced fruit abscission.  
8.5 Conclusions 
This study has demonstrated that higher ethylene production is a main cause of yield reduction in 
WL cotton, which not only accelerates abscission of young fruits but also inhibits the 
development of new fruits. Limited waterlogging damage to fruits in lintless despite substantial 
ethylene production suggested that it might be an ethylene perception mutant and further 
genetic/molecular studies can confirm this hypothesis. This study suggested that elevated CO2 
supply can promote cotton growth, although, yield gains may be masked by eCO2-induced 
ethylene production, especially under stressful environments. Thus, sensitivity to elevated 
ethylene would be a major concern for impacts on cotton production in a future climate and for 
developing management strategies for adaptation. 
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CHAPTER 9 General discussion  
With the prediction of changes in global climatic patterns, the frequency of extreme weather 
events is likely to increase in the future (IPCC, 2007). These extreme events include long-term 
drought, heat waves, and extremely wet seasons, all of which can adversely influence the 
productivity of crops (Morton, 2007). This situation is challenging for the Australian crop 
grower, where unpredictable weather events are already more frequent than many other parts of 
the world (Nicholas, 1994). Cotton growing regions of Australia often receive heavy rainfall, 
which can cause transitory soil waterlogging. Due to an inability to produce functional 
aerenchyma and inherently lower fermentation rates, cotton crops are seriously damaged by 
waterlogging. Protecting cotton from waterlogging damage is a serious challenge for crop 
managers and scientists. To address this issue, the mechanisms associated with waterlogging-
induced damage to cotton should be properly understood. Progress is curtailed due to the scarcity 
of data for cotton responses towards waterlogging.  
This thesis investigated the physiological mechanisms associated with waterlogging damage to 
cotton growth and yield. Field experiments have increased our understanding of the interactive 
effects of low irradiance and waterlogging (Chapter 4), growth and nutrient dynamics throughout 
crop canopy layers in response to soil waterlogging (Chapter 5), and the role of an anti-ethylene 
agent AVG for ameliorating waterlogging damage (Chapter 6). A series of glasshouse studies 
investigated waterlogging sensitivity with respect to ethylene production (Chapter 7) as well as 
opportunities to improve cotton performance under WL conditions through ethylene 
management and CO2 fertilisation (Chapter 8) (Fig. 9.1, Table 9.1).  
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Figure 9.1 Contribution of different chapters of this thesis towards understanding 
physiological mechanisms of waterlogging tolerance in cotton 
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Table 9.1 Relative contribution of each chapter of the thesis towards science   
Chapter Objectives Key findings Outcome  Future directions  
4 Relationship between 
waterlogging and 
incident light 
1. Waterlogging accelerates fruits shedding, while shade 
increases yield losses by restricting carbon 
metabolism. 
2. Waterlogging and shade interaction becomes 
significant only when the effect of one of the stresses 
is relatively small. 
Increased understanding of 
mechanisms through which 
waterlogging and shade 
damage cotton crops.  
Shade has a limited effect 
on severely WL crop, thus 
waterlogging-induced 
damage should be studied 
in more detail. 
5 Growth and yield 
dynamics within 
different canopy 
layers of cotton in 
response to soil 
waterlogging  
1. Yield losses in WL cotton are associated with the 
accelerated abscission of young fruits 
2. Waterlogging causes higher damage to leaves and 
fruits on lower canopy layers. 
3. Better recovery of the top canopy layer of cotton 
plant is the result of re-mobilisation of nutrients from 
lower canopy layers. 
Physiological processes, 
regulating cotton responses 
to soil waterlogging, have 
been elucidated.  
Can waterlogging damage 
be minimised by 
protecting the abscission 
of young cotton fruits? 
6 Optimising AVG 
application rates for 
WL cotton 
1. Anti-ethylene agent, AVG has a potential to increase 
yield of cotton crops by limiting the loss of early 
fruits. 
2. 125 g [a.i] ha-1 of AVG applied 24 h before 
waterlogging has the best effects on cotton yield. 
Protocols for improving 
waterlogging tolerance in 
cotton have been optimised.  
Is waterlogging sensitivity 
in cotton associated with 
ethylene concentrations? 
7 Investigating the basis 
of waterlogging 
sensitivity in cotton  
1. Waterlogging sensitivity in cotton is associated with 
photosynthetic inhibition.   
2. Accelerated ethylene release from cotton tissues 
impairs photosynthesis and fruit development 
process.  
Major causes of 
waterlogging damage 
(accelerated ethylene 
production and inhibited 
photosynthesis) in cotton 
have been identified  
Can tolerance to soil 
waterlogging be induced 
by regulating ethylene and 
carbon metabolisms? 
8 Improving 
waterlogging 
tolerance in cotton 
through ethylene 
management and CO2 
enrichment  
1. Regulating ethylene through genetic or chemical 
application techniques induces waterlogging 
tolerance in cotton. 
2. Elevated CO2 supply increases fruit production, and 
the plants with a lower ethylene sensitivity are more 
responsive to CO2 fertilisation. 
The relative role of ethylene 
production and carbon 
limitation in cotton under 
WL environments has been 
established.  
Can genetic manipulation 
techniques offer a solution 
to waterlogging sensitivity 
in cotton? 
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9.1 Interactive effects of waterlogging and shade 
Effects of waterlogging and shade on growth and physiology of cotton crop were studied in two 
years of field experiments (Chapter 4). Photosynthesis inhibition is a general response of cotton 
to soil waterlogging; a reduction in incident light by cloudy weather can exacerbate growth and 
yield losses in waterlogged cotton. Although the individual effects of waterlogging (Kuai et al., 
2014) and shade (Echer and Rosolem, 2015) on cotton yield have been studied, fewer studies 
have explored the cotton response to combined low light conditions and waterlogging (Liu et al., 
2000). The effects of individual or combined waterlogging and shade stresses were studied on 
different growth phases of the cotton crop. These experiments indicated that individual and 
interactive effects of waterlogging shade were associated with cotton growth phase and intensity 
of the individual stress. Consistent with previous reports, the early reproductive phase of cotton 
was more sensitive to stress-induced damage than the late reproductive growth phase (Zhao and 
Oosterhuis, 2000, Bange et al., 2004). Despite variable effects of shade and waterlogging on 
different growth components such as leaf growth, total soluble sugars and N (%) concentration, 
shade did not alleviate waterlogging yield losses in cotton. Instead the reductions in cotton lint 
yield under combined stresses were always greater than those under the individual stresses, 
although the interactive effect of waterlogging and shade was significant only when yield losses 
under waterlogging alone were relatively small. This study supported the earlier data from 
Lenssen et al. (2003) and Wagner and Dreyer (1997) who concluded that shade has a limited 
effect on growth of waterlogging-sensitive plant species. These experiments elucidated the 
mechanisms, through which cloudy weather can intensify yield loss in WL cotton. This 
information can assist crop managers to understand the impact of multiple stress events, which 
may become more frequent with global climate change.   
9.2 Differential response of cotton canopy layers to soil waterlogging 
This field experiment explored the effect of waterlogging on developing fruits within the canopy 
in more detail (Chapter 5). Stress-induced yield losses in cotton are associated with the age of 
cotton fruits within the canopy. Due to an indeterminate growth habit, cotton bolls at different 
developmental stages throughout the canopy layers would potentially vary in their response to 
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waterlogging. As the developing bolls generally rely on carbohydrate supply from subtending 
leaves (Constable and Rawson, 1980), leaf-level physiological modifications can directly 
influence cotton yield. Most of the earlier experiments focused on estimating waterlogging 
impact in cotton by studying changes in the physiology of leaves at top of the canopy and 
ignored possible nutrient re-mobilisations within canopy layers. Nutrient remobilisation to the 
top of the canopy may mask the full effects of waterlogging on the crop.   
This experiment confirmed that newly pollinated flowers are relatively more sensitive to 
waterlogging-induced abscission than the developed bolls, implying a potential role of ethylene 
(Guinn, 1982). It showed that physiological processes of leaves at the lower canopy level were 
more adversely impaired by waterlogging. On the other hand, upper canopy leaves restored 
physiological processes after termination of waterlogging, possibly through re-mobilisation of N 
from lower canopy leaves. Higher growth and yield loss in the lower canopy layer of cotton were 
also reported by Kuai et al. (2015). However, despite a degree of growth recovery, the cotton 
plants were unable to compensate yield losses in the upper canopy layers, indicating that 
waterlogging remediation techniques should also focus on preventing the loss of early fruits 
(potentially through ethylene management) rather than increasing nutrient supply alone. 
9.3 Ethylene management  
Regulation of ethylene production and thus yield loss in WL cotton were investigated under 
glasshouse and field conditions. Increased ethylene production has been detected in many plants 
species experiencing soil waterlogging or root zone hypoxia. As a key signalling molecule, 
ethylene modulates a variety of physiological processes and consequent morphological 
adaptation to stressful environments (Wang et al., 2013). In cotton tissues, increased ethylene 
concentration can stimulate abscission of young fruits, while fruits become less sensitive to 
waterlogging a few weeks after pollination (Lipe and Morgan, 1973). Higher loss of young fruits 
in cotton in response to waterlogging at the early reproductive phase in this thesis supported a 
potential role of damage by ethylene. Various management techniques such as land levelling, 
fertilisation and soil-oxygenation are all practised to overcome the waterlogging-induced yield 
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losses in cotton. However, limited work has been done in increasing waterlogging tolerance 
through ethylene management. 
A series of glasshouse and field experiments were conducted to optimise application timing and 
rate of an anti-ethylene agent (AVG) for waterlogged cotton (Chapter 6). Consistent with earlier 
studies, AVG significantly increased fruit production and lint yield of cotton both under WL 
(Bange et al., 2010) and NWL (Brito et al., 2013) conditions. My data suggested that 125 [a.i.] 
ha
-1
 of AVG applied 24 h prior to waterlogging as the optimum application rate for ameliorating 
yield losses in WL cotton. No further yield gains were recorded by increasing AVG beyond this 
rate. Similar trends were suggested by Bange et al. (2010), who observed no significant effect on 
yield of WL cotton by increasing AVG application rate to 250 [a.i.] ha
-1
. Possible mechanisms of 
AVG-induced growth and yield promotion could be through increased nutrient uptake  (Leblanc 
et al., 2008) and fruit retention (Chen et al., 2014), respectively. This could be achieved 
potentially by the application of AVG and a foliar fertiliser (Hodgson and MacLeod, 1987). 
9.4 Waterlogging sensitivity in relation to ethylene  
The relationship between ethylene concentrations in cotton tissues and waterlogging sensitivity 
was studied in a glasshouse experiment. Studying the performance of cotton cultivars from 
various backgrounds, Conaty et al. (2008) reported a degree of genotypic variation in 
waterlogging tolerance. This variation was the result of breeding cotton cultivars for specific 
regions. For example, Australian cultivars bred for heavy clay soils were relatively more tolerant 
to soil waterlogging than the US cultivars bred mainly for lighter soils. Using two cotton 
genotypes Sicot 71BRF (relatively waterlogging tolerant) and LA 887 (waterlogging sensitive), 
potential relationships between waterlogging sensitivity and ethylene accumulation were studied 
in this experiment (Chapter 7).  
This study indicated that photosynthetic inhibition occurred after three d of waterlogging in LA 
887 but Sicot 71BRF sustained photosynthesis rates for up to six days of waterlogging. Similar 
data under field conditions have been reported by Conaty et al. (2008). In addition, LA 887 
accumulated significantly more ethylene than Sicot 71BRF in reproductive tissues (young 
squares) under waterlogging, although ethylene production in leaf tissues did not differ. This 
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study provided clear evidence that inhibited photosynthesis and elevated ethylene production are 
major reasons for yield reduction in WL cotton. AVG effectively suppressed ethylene production 
and subsequent fruit abscission in both cotton cultivars. However, it had a limited effect on 
photosynthesis and shoot growth of severely WL cotton, indicating that blocking ethylene 
biosynthesis alone may not be adequate to mitigate waterlogging damage and an integrated 
approach of fertiliser and ethylene management should be adopted. 
9.5 Manipulation of ethylene and carbon metabolism 
A glasshouse experiment explored the potential to improve performance of cotton under WL by 
manipulating the two major limitations i.e. elevated ethylene production and impaired 
photosynthesis (Chapter 8). In addition to the chemical control of ethylene production (AVG), 
this study exploited genetic variability in modulating ethylene metabolism. Ethylene is required 
for fibre developmental process in cotton and its production in cotton tissues increases with 
reproductive growth (Heilman et al., 1971). Lintless cotton mutants with impaired ethylene 
metabolism offer an excellent option to confirm the negative effects of ethylene on cotton (Shi et 
al., 2006). In this experiment, AVG and a lintless (5B) cotton line were used to modulate 
ethylene metabolism (Chapter 8), whereas CO2 enrichment was used to manipulate the supply of 
photo-assimilates to sinks (Rogers et al., 1996). 
No significant fruit loss in the lintless and AVG-treated Empire cultivar under WL conditions, as 
well as increased fruit production under elevated CO2 supply, confirmed that waterlogging 
damage in cotton can be minimised by modulating ethylene and carbon metabolism. However, 
despite a variable response to waterlogging, ethylene production in both genotypes increased 
under waterlogging indicating an impaired perception rather than production of ethylene in the 
lintless. Further genetic/molecular studies are required to confirm this hypothesis. This study also 
indicated that cotton plants might be unable to fully benefit from an increased photo- supply of 
assimilates due to accelerated ethylene production and fruit loss under elevated CO2, especially 
under stressed conditions. Thus, sensitivity to elevated ethylene would be a major concern for 
cotton adaptability to future climatic conditions when put under stress.  
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9.6 Major hypotheses of the thesis and recommendations 
The first hypothesis of the thesis was, “low incident radiation exacerbate waterlogging damage to 
cotton” and field experiments suggested that both waterlogging and shade negatively affected 
nutrient uptake, photosynthesis and lint yield. This hypothesis was supported by the fact that 
shade can cause substantial damage to moderately WL cotton crop. However, limited additional 
damage to severely WL crop under shade indicated that interactive effect of shade and 
waterlogging depends on intensity of individual stress factors. 
Considering the indeterminate growth habit and higher waterlogging sensitivity to specific 
growth phase of cotton, it was hypothesised that waterlogging variably influences growth and 
yield attributes across various canopy layers. The field experimental data supported this 
hypothesis, as the growth recovery process was delayed in the lower part of plant canopy. WL 
cotton plants restored leaf N and photosynthesis in the top layer as the waterlogging was 
terminated. However instead of initiating the development of new fruits, the plants invested these 
additional photosynthates in maintaining growth of the retained fruits in the top canopy layers.   
As yield losses in cotton were primarily attributed to waterlogging-induced abscission of young 
fruits, it was hypothesised that waterlogging damage can be minimised by controlling ethylene 
production. Various concentrations and application timings of an anti-ethylene agent (AVG) 
were tested under glasshouse and field conditions. The data confirmed the hypothesis that AVG 
has a potential to increase waterlogging tolerance in cotton. 
The role of ethylene in relation to waterlogging damage was further explored in a series of 
glasshouse experiments, hypothesising that waterlogging sensitivity in cotton is associated with 
ethylene concentrations. A limited support of this hypothesis was observed, as the two tested 
cotton cultivars (waterlogging sensitive and tolerant) released equal amount of ethylene from 
their leaves in response to waterlogging. It suggested that there might be a threshold level of 
ethylene, which induces early damage in the sensitive cotton cultivar. This study indicated that 
photosynthesis inhibition and higher ethylene release were primary causes of yield losses in WL 
cotton. 
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Based upon the evidence that waterlogging-induced damage is associated with inhibited 
photosynthesis and accelerated ethylene production, it was hypothesised that yield loss in WL 
cotton can be minimised by regulating carbon and ethylene metabolism. Increased tolerance to 
waterlogging damage in an ethylene-insensitive mutant and through elevated carbon supply 
supported this hypothesis. Elevated CO2 increased production of new reproductive structures but 
also promoted ethylene synthesis, suggesting that stressed cotton plants might be unable to 
benefit from CO2 enrichment if ethylene synthesis remains un-regulated.   
9.7 Suggested future research  
This study provided insights into the physiological mechanisms of regulating waterlogging 
damage in cotton, and suggested techniques for improving cotton performance under this stress. 
It also indicated that elevated sensitivity to higher ethylene concentrations in cotton tissues was a 
major reason for the poor performance of cotton to waterlogged environments. Thus future 
research should focus on this issue. 
 The glasshouse and field experiments have provided supporting evidence for the positive 
effect of the anti-ethylene agent AVG for ameliorating waterlogging yield losses in 
cotton. Farm scale studies are needed to verify its economic benefits.  
 Fruit abscission in cotton could be a result of a crosstalk between ethylene and 
developmental regulatory pathways. It would be interesting to identify the ethylene and 
developmental transduction components involved in abscission of cotton fruits. As a 
major signalling molecule, ethylene modulates cotton responses to a variety of stresses; 
thus the role of ethylene and AVG should be investigated for cotton crops exposed to 
other abiotic stresses such as drought, heat, and salinity. 
 Due to the essential role of ethylene in fibre development in cotton, completely blocking 
the production or perception of this hormone in plants may not be useful; hence tissue-
specific ethylene production in cotton should be investigated and targeted. For example, 
if ACC is primarily transported from hypoxic roots alone, it might be possible to block 
ethylene biosynthesis in root tissues through transgenic techniques without affecting its 
production in the developing ovules.  
158 
 
 Detailed studies are required to uncover the expression pattern of genes regulating fibre 
development and fruit abscission in cotton, specifically the candidate genes regulating 
ACC biosynthesis in the peduncle (point of fruit abscission) and developing ovules. 
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Appendix  
Fig. 1 Relationship between annual rainfall and average radiation received in the Narrabri 
region NSW, Australia (Source Bureau of Metrology, Australia). 
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